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ABSTRACT

The nuclear and emitted radiation characteristics of the radioisotope

elements and impurities in commereial grade plutonium dioxide are
o presented. in detail, The development of the methods of analysis are
presented,

. Radioisotope thermoelectric generators (RTG) of 1575, 3458 and 5679

| thermal watts are characterized with respect to neutron and gamma photon
I‘ source strength as well as spatial and number flux distribution., The
) results are presented as a function of detector position and light element
contamination concentration for fuel age ranging from ‘fresh' to 18 years.,
The data may be used to obtain results for given 18O and 236P1.1 con-
centrations.

The neutron and gamma photon flux and dose calculations compare favorably
with reported experimental values for SNAP-27
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1. INTRODUCTION

The ever increasing requirement for long~lived and compact power sources
has led to the recent evolution of a number of very successful generators,
Specifically, the development of the radioisotope thermoelectric generator
(RTG) for both terrestrial and space flight applications has progressed very
significantly. A number of plutonium dicxide fuelled RTG's are already in
actual use. The NIMBUS weather satellite is powered by a Space Nuclear
Auxilary Power system, i,e., SNAP 19, Instrumontation left on the Moon
by the Apollo 12 and 14 missions axe powered by SNAP 27 units. Future
space missions include RTG assemblies. Unlike solar cell generators
their power output is not dependent upon solar flux and thus they are

suited for deep outer planet spave missions of 10 to 20 year duration,

The radioactive properties of RTG's require that special attention be given
to their engineering design from both the standpoint of migsion safety and
mission operational requirements. This report is concerned with these
factors as they relate to the gamma photon and neutron radiation emitted
by plutonium=-oxide fuelled generators. The radiation data presented will
be of interest to spacecraft, RTG and science experiment designers. It
permits radiation field maps to be developed to aid in location and protec~
tion of sensitive electronic packages and science experiments. The data

may also be used for determination of personnel exposure and protection.,

The RTG gamma photon and neutron radiation result from the natural radio-
activity of the plutonium dioxide heat source. The gamma photons are due
mainly to the plutonium isotopes and their daughter products with small
contributions resulting from induced fission and neutron interactions with

materials in the source assembly. The neutrons result mainly from
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plutonium decay alpha emission.and thus (@, n) reactions with low atomic
number inpurity elements including the 18O component of the oxide; a
small contribution is due to plutonium spontaneous fission. The neutron
flux may be decreased by reduction of the impuritins and depletion of

o,

238Pu consists of alpha particles

The natural radioactivity of the isotope
accompanied by a apectrum of gamma photons and spontancous figsicn
noutrons. Commercial grade plutonium consists of 238Pu and other Pu

isotopes as indicated in Table 1-1(1-3). Even though tho 2381".‘ is only

~ 80% abundant, it contributes ~ 99,9% of the total alpha activity. Since

the average energy of emitted alphas is ~ 5.5 MeV, (& n) reactions occur

with low atomic number elements such as oxygen which is abundantly

present in Pqu as indicated in Table 1-1, The use ofoxygen in which the 18O
1sotope is depleted by a factor of 100 reduces this effect correspondingly by~ 100.
Again, the presence of impurity beryllium or fluorine even in low anundance may give
rise toa significant (&, n) neutron yield; some light impurity element ylelds are
given in Table 1-11(3). The spontaneous fission (SF) neutron emission

of plutonium is primarily that of 238

240

Pu since the other contributing isotope
Pu, has an SF rate ~ 0.015 that of 238Pu. The SF neutrons have a
Maxwellian distribution peaked at~0.7 MeV, an average energy of ~ 2.0 MeV,
and a maximum energy of ~10 MeV. Fast photo-neutrons are also pro-

duced in Pqu due to energetic gamma photons from 238Pu spontaneous
fission and the 236Pu daughter, 208TL, interacting with impurity

elements.

1=‘u02 sources emit X-rays and gamma photons as a result of spontaneous
and induced fission, non-fission neutron interactions, decay of fission

products and their daughter products, and alpha interactions with light
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elements such as 18O. The gamma photons emitted by PuO, are presented

2
in detail in Section 2 of this report. The gamma photon activity from Ph,

238?11 purification to a

maximum at ~ 18 years; this is readily seen in the decay in

Bi and T4 daugh*ers increases with time after

Figure 1-I, Freshly separated plutonium fuel has a 'soft' gamma

spectrum. With increasing time the decay daughter products of the small
236?\1 impurity increase the intensity of the 0.2 - 0.3 and 2.0 ~ 3.0 MeV
photon groups. S8poctral hardening is complete at approximately 18 years.

Long-lived 241Am, a daughter of 13 year 241

Pu, yields increasingly intense
gamma photon emission rates with age. However, since the photon energy
is 0,06 MeV, it is easily shielded and so is not intensely present in the

emission spectra of encapsulated sources.

As indicated above fast neutrons are emitted by Pqu primarily gs the

result of the three interaction phenomena: spontaneous fission, alpha-

(3)

sented in Section 3 of this report. The (@, n) neutron emission rate depends

neutron emission rates for these effects; detailed neutron data is pre-
on the impurities present in the source, since the reaction requires the
presence of low Z elements, as seen from Table 1-II. Table 1-III lists
neutron activity due to (&, n) for normal and 180 depleted Pqu; it also

gives the photo~neutron production rate.

The alpha and beta radiation emitted by Pqu sources does not
present any problems if the source encapsulation has a wall thickness

greater than ~ 1000 mg/cmz. (e.g., ~0,06" Ta).

Section 2 of this report presents gamma photon source and calculated
emission flux data for a hypothesized SNAP RTG. The data was deter-
mined for 1575, 3468 and 5679 watts of thermal power. The flux data
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wasg calculated as a function of Pqu age at the RTG exteric.r surface

and points on hoth the axial and radial mid-planes, S8ection 3 of this
report presents neutron source and emission flux data similar to the
photon data of Section 2. Section 4 consists of a brief review of the data
in Bections 2 and 3, A comparison of the calculated data with published
data is presented, Pertinent information and methods of calculation are

given in Appendices A through J

-
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I TABLE I-I
1

L

RADIATION PROPERTIES OF Puoz(l'a)
A, Chemical Composition Puo2
Plutonium (total) 88,2%
L Oxygen 11,8%
t$ B. Isotopic Composition(l)
Activation of Contribution to the

Pure lsotopg, Activity of 1 gram of
i Isotope Abundance %= (a) d/sec=q = 83) Product = (a) x (b)/100

236 Pu 1.2x1074 1.97 x 10'8 2.37 x 107 (0)
fg 238 Pu 81 % 6.35 x 10'" 5.14x 100 (a)

239 Pu 15 % 2.27x109 3.41 xlO8 (o)
X 240 Pu 2.9 % 8.38 x 10° 2.43 x 10° ()

241 Pu 0.8 % 4.12 x 10'2 3.30x 100 (B)
LN
i 242 Pu 0.1 % 1.44 x 108 1.44 % 10° (o)
i 238
v C. Specific Activity Pu 16.8 Curies/gm
=“ D. Lensity of PuO2 10.0 gm/cm3

3 238 3
Plutonium Fraction 8.82 gm/cm ( Pu 7,15 gm/cm Puoz)
ki
Oxygen 1.18 gm/cm”

E. Activity of Fuel

1.2 % 102 Curies/cma-PuO

4,5 % 1012 oz/cm3- sec

= 5,92 watts/cm3

L}

7.15 gm/cm3 x 16.8 Ci/gm 2

=T
[}

=i
I

[¢2]




TABLE I-II

SPECIFIC NEUTRON YIELDS FROM

3
LIGHT ELEMENT IMPURITIES( )

Neutrons Per Second¥
Element for one Part per Million
Ii 4,6
Be 133
B 4]
c 0.2
N 0.0 (~, n threshold too high)
0 0.1
l F 18 ‘
Na 2.2
' Mg 2.1 .
Al 1.0
' St 0.2
P < 0.03
I < 0.03
|
o * In 1 gm Pu metal containing 81% 238Pu
|
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(1)

(i1)

(111)

TABLE I-III

Pqu SOURCE NEUTRON ACTIVITY(S)

Spontaneous Figsion Rate

238 238

Pu 2,6 % 103 n/sec-gm Pu
fual 1.8 x 10° n/sec-gm PuO

2

(o, n) Neutron Emission Rate

238

Pqu (normal O): 113 x 104 n/sec-gm Pu

238
Pqu (180 reduced to 1/100): ~1.13 x 102 n/sec-gm 3 Pu

(excludes (&, n) due to other impurities)

238
Photo~Neutron Production Rate: ~5,0 % 102 n/sec-gm 3 Pu

36)

208
(varies with concentration of T4 daughter of Pu2




2. GAMMA PHOTON RADIATION CHARACTERISTICS

2,1 Introduction

This report section presents the calculation of the gamma photon flux
emitted by plutonium dioxide fuelled RTG capsules, Gamma photon fluxes
were determined as a function of energy and fuel age for RTG model cap-
sules with thermal power capacities of 1575, 3468 and 5679 w(th), The
calculations included the determination of source data to account for

plutonium decay, nuclear fission and the (&, n) reaction,

Production grade plutonium dioxide fuel consists of a mixture of plutonium

(1)

possible compositions may be found in the references (2, 3). Each of the

isotopes having the approximate composition shown in Table 1-I'""; other

isotopes listed in Table 1=l have the properties of natural radicactivity
and neutron fission as given in Table 2-'1(1 '4—11). The determination of the
total gamma photon source intensity and spectral distribution is ‘described

in Section 2.2,

The data presented in this report were determined for a standard RTG,
namely: a hypothesized SNAP 27, The radioisotope fuel used in the SNAP 27
fuel capsule is plutonium in the form of plutonium dioxide microspheres. The
fuel is contained in a cylindrical annulus as shown in Figure 2~I. The basic
mode!l capsule was assumed to produce 1575 watts of thermal power. The
1575 w(th) capsule power was extended volumetrically to 3468 w(th) aau
5679 w(th) in order to study the effect of fuel self shielding on radiated

photon fluxes. Gamma photon transport in the RTG was determined by the

method of discrete ordinates(lz). RTG surface fluxes were extended to




radial and axial midplane spatial detector locations by means of the paint
kernel technique(m). The calculation of the photon flux distributions iz

described in Section 2,3,

2.2 Gamma Photon Source Spectra

The gamma photons emitted by plutonium dioxide were gseparated into four
components, categorized according to their origin, namely:

I. Plutonium isotopes and their decay products, excluding 236Pu.

1I. Fission and decay of fission products,

236

III. Radioactive decay of Pu and daughter nuclides.

186 (¢, n)2!Ne, which yields a
gamma spectrum due to the decay of the 22Ne compound nucleus

to 21Ne.

IV. The alpha particle reaction,

Other categories whose contribution to the RTG external radiation field

were reasonably neglected are, namely:

V. Bremsstrahlung and inelastic gamma photons which are a function
of spacecraft geometry and materials.

VI. Gamma photons resulting from the l?O (o, n)zoNe reaction.

The gamma photon calculations were carried out for twenty (20) energy
groups. The upper and lower limits of the highest and lowest energy
intervals were taken as 7,0 MeV and 2.0 keV, respectively, In each of

the corresponding gamma energy intervals, the sources of prominent gammas
emitted hy the plutonium dioxide fuel were determined for time periods
beginning with the "fresh" (time of chemical extraction) fuel and extending
up to 18 years of fuel aging.




23 241

BPu, 239Pu, and Pu was
caleulated as the abundance multiplied by the activity of the isotope at the

equilibrium time conaidered, The activity of daughter nuclides 241 Am,

237U and 237Np s calculated in Appendix A, The gamma activity of the

236

The gamma photon spectrum emitted hy

plutonium igotopes, exclusive of Pu, and their decay products varies
only slightly up to 18 years and thus was assumed to remain conatant
with time. The gamma photons emitted by the plutonium isotopes and
their decay products are glven in Table 2'411(1 '3'9’14). The roferenca (9)
data was used where available, otherwiso reforonces (1) and (14) wore

used,

The gamma rays emitted by prompt fission wero assumod to have the spectral
shape provided by the spontaneous fission of 235U(15) + In the gamma photon

energy range, 1,30 to 1.0 MeV, the photon spectral distribution was obtained
from the relationship

-2.30E

N(E) = 26.8e , photons/figsion.

In the range, 1.0 to 7.0 MeV, the distribution was obtained from the -
relationship(ls)

N(E) = 8,031+ 10E

, photons/fission,

Equilibrium fission product gamma photon emission was determined using
analytic functions fitted to the data of reference (14). The functions and
the reference data are given in Table 2-III, The gamma photons emitted by
prompt fission and equilibrium fission products were integrated numerically
in each energy interval to yield the total number of photons produced per
fission, Detalls of these calculations are yiven in Appendix B.

10




In the present work the 236?14 isotope was considered as a Pu()2 fuel
impurity which ranged from 1,2ppm (1.2 x 10"6 gm 236Pu per gm puoz) ,

a8 typieal of the current commercial product grade, down to 0,1 ppm as
deairable in the bio-medical grade, The gamma photon activity as a function
of time was calculated as detailed in Appendix C, The activity of the 236?1.1
daughter nuclides wase calculated from tho growth of 1,91 year 228Th, The
caleulation is dotailed in Appendix D as a function of 23GPu impurity,

ls0vy 0,1 to 1,2 ppm, The gamma photons emitted byzsePu and the daughter
nuclides are given in Table 2~IV(1 '9). The reference (9) data was used in

this work,

Alpha particles interacting with 180 may give rise to the formation of very
short-lived compound nuclei which promptly decay accompanied by the
emission of a neutron and gamma photons. The photon emission due to

18O (@, n)21Ne interactions is detailed in Appendix E and tabulated in

Table 2-V, The radiated gamma photon fluxes produced by the 18O (a, n)ZINe
reactlon at time periods other than "fresh" were obtained by multiplying the
fresh J‘80 (@, n)ZINe gamma yield values by the time decay factors given

in Appendix E,

It is indicated in reference (16) that the 170 abundance and (@, n) cross
section are approximately 10% of the corresponding values for 18O. Though
the 170 interaction has not been fully investigated and documented, and
thus cannot be adequately treated at this time, it can be reasonably
neglected.

The gamma photon source spectra derived for each of the source categories
I through IV above, are listed in Tables 2-II through 2-V. These sources are
detalled for 0 (fresh), 1, 5, 10 and 18 years as a function of energy in

11




Tables 2-VI(a) and 2-VI(b) through 2-X(a) and 2-X(b). The (b) tables give
the sum of the isotopic photons and fission photons, and the 236Pu~chain
photons detailed in the (a) tables as well as the 18O reaction photons and
their totals. Table 2-XI summarizes theae totala for each fuel age as a |

function of energy.

The calculationg assumed the 238Pu half life as 87,4 years(7) and the
fission yield as 2,75 % 0,01 neutrons/fission(ﬁ). The half=life of 241Pu
(7)

was taken as 14,0 years™ ',

2.3 Gamma Photon Fluxes

The gamma photon source spectra discussed in Section 2.2 were used to
determine flux distributions at the RTG surface and exterior spatial positions.
The flux calculations were carried out for 1575, 3468 and 5679 w(th) model
capsules. Figure 2-II gives the dimensions of the three model capsules

and their material zones as a function of thermal power. The material

composition of the capsule zones are detailed in Table 2-XII

Gamma photon flux transport to the RTG surface and exterior spatial positions

on the radial and axial midplanes were calculated using the ANISN(N) and

(18) (12)

QAD computer codes. ANISN, a discrete ordinate code was used to

determine surface fluxes. QAD, an integrating point kemel(la)

code was
used to calculate the fluxes at detector points outside the RTG. The
gamma spectrum was assumed as unchanging from the capsule surface to
detector positions d«stort from the capsule surface. The calculations were

carried out for "fresh," 1, 5, 10, and 18 year old fuel.

-l -
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The twenty group gamma photon cross sections were determined using a
modified version of the GAMLEG(IQ) computer code, The cross sections
in each of the energy intervals were averaged for Pqu product fuel with
the gamma photon flux spectrum given in reference (1),

Table 2-XIII gives the calculated gamma photon surface flux as a function
of energy and power, at the capsule radial midplane for fresh fuel. The
fluxes are caleculated for the decay of the plutonium isotopes and daughters,

236

and fission but exclude Pu. The calculated values of k re

effective 2
noted as 0.17, 0.30 and 0,40 for the 1575, 3468 and 5679 w(th) capsules.
Table 2-XIV presents similar photon flux data for the 180(01, n)ZINe reaction
as the photon source. Tables 2-XV through 2-XVII give similar photon flux
data as a function of fuel age for 236Pu and daughters as the photon source,

for the 1575, 3468 and 5679 w(th) capsules, respectively.

Tables 2-XVIII through 2-XXII give the calculated total photon fluxes at
axial and radial detector positions at and beyond the capsule surface,
i.e., at cylindrical coordinates (r, @, z) as defined in Figure 2-III, The
data in these tables corresponds to the total fluxes given in Tables 2-XIiI
through 2-XVII at (r, 8, z) = (capsule radial surface, 0, 0). The total
fluxes given in Tables 2-XVIII through 2-XXII, integrated over all sources,
are shown graphically in Figures 2~IV through 2-IX as a function of detector
distance r, with fuel age as the parameter. Figures 2-IV through 2-VI are

for the radial midplane while Figures 2-VII through 2-IX are for the axial
midplane,

Figure 2-X gives the source-integrated total photon flux as a function of
capsule power forr = 100 ¢m and 1, 5 and 18 year old fuel, The curves
demonstrate the ease with which datamay be interpolated for other than the

tabulated dependent variables. A further example is given in Figure 2=XI

13
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where the total photon flux is plotted as a function of fuel age for the

three model capsules,

The calculations presented above allow the prediction of the gamma photon
flux as a function of the following variables:

I fuel impurities such as 236?11 and 180,

II fuel capsule power, and

IIT fuel age.
If the 18O impurity is reduces from 100% to 10% as in the case of 180
depleted oxygen then the 18O (e, n)ZINe photon flux data may be multi-
plied by the corresponding appropriate value in the range 1.0 to 0.1,
Again since the 23615‘14 and daughter photon flux data corresponds to a
concentration of 1.2 ppm it m~y be readily corrected for other concentrations.

For example, if 236
. 236

Pu is given as 0.1 ppm then it is only necessary to
multiply the Pu fluxes" given in Table XV by the ratio 0.1/i.2 to

get the correct photon flux,

An example of the use of the calculated data presented in fhis report section

is given in Appendix F. The example computes the photon flux atr = 100 cm

236

for a capsule power of 1575 w(th), a Pu impurity of 1.6 ppm, "normal"

oxygen, and 5 year old Pqu fuel.
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EPRODUCIBILITY OF THE ORIGINA

TABLE 2-11

L PAGE 1S

[

GAMMA PHOTONS FROM DECAY OF PLUTONIUM [BOTOPLS

Gamma Photon Energy
Jsotopo V.

#38py 17,0

43.0

99,6
152.,%
207 .4
742 4
765,84
THY i
K07 .6,
LRV
LYAN]
LUPI]
L4
ECEI
a1
loda,n
Tiigh )

Z‘i'i,n”

AND THEIR DECAY PRODUCTS

Ret (%)
13,008
3.8 x107°
8.0x 1073
10°3
4,0 x 10"b
9.0% 0
RSSO
0.0 %1070

6.0x 1078

gl

17.0
REM 7%ty
b 2,0y 1078
1296 9% a0t Soxn
20t .0
340,0
75,0 1ex10?
414,y lzziu?
650,10 g 1T
7904 2oy
240,
17.0
45.3
550,10 22 I'J-TJ
My, 1oy, 0
145.0 Pl
24 l"."_ Hiy ) 3RO
1510 4z
04,0 Al
3950 w1y
170,00 4% 178
G630 5% 1074
772.0 3y 1p78
ity 0.0 14.0
860 14,0
145.0 1.0
31y, 14.4 41.0
1.2 Tt
Gy Ihl
FUTR) 23,0

The yomma photon § pectrum emitted Ly

actty of the 1sotopn at the equilibrium time constdered . The activity of doughter nuclides

15 caloulatea in Appendis D,

“ ”’Pu, ugl’u.

27

FOOR. !

Abundance {7 of Isote e Decay)

Raf, (1)
3.0 % 1074
R.ox 1y’
k!t

4.0 % ot

‘
Sy 10
wery wmilt

gt

21y
/AN

[T

!

U RUR

Rof, AU-'U

7% 107}
b x 1074
Lz x 0"
4020470
2ot
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?

Zun x 10
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7
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1.4 70
Ly
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'; TABLE 2-II1

GAMMA PHOTONS EMITTED FROM
EQUILIBRIUM FPISSION

Gamma. Photon Energy (15) Calculated

v (MeV) Number of Photons/Fission Phiotons/Fisgion*
{ 0.1-0.4 1.61 1.61
‘ 0.4-0.9 4.84 4,86
4 0.9-1.35 0.50 | 0.50
] 1.35-1.80 0.60 0.61

1.80-2.20 0.31 0.28
}" 2.20-2.60 0.12 0.11 .
+ %.60-3.00 0.01 0.04

e

* The photon yield per fission was calculated using analytic functions fitted
to the above tabulated values of photon yield per fission. The functions

A O

z used were:

o Gamma Ray Energy Function N(E) =

g (MeV) (photons/fission)

ﬁ.‘ 1-.4 21.5E

. .4- .65 5.77eE
.65-.9 22.60e " 1-1E

' .9-.965 ~121.5E + 117.75

! ,365-1.35 0,380 0-3CE

p 1.35-1.60 0.00045¢ %+ 3E

1 1.60-1.80 586.8e "5 +5E |
1,80-3.0 67.8e2+3E |

R




TABLE 2-1V
GAMMA PHOTONS PROM #38py and DAUGHTER NUCLIDES

Ahundance (% of [sotope decay)
. Gamma(Pga;on Energy ) ( eP " Y.
436p, 46,00 (48,0y(@ 4.7 %1072 3.1 %1072
110,0 12 x107? 1.2 % 107%
' 165,0 6.6%1074 6.6 %1074
520,0 1,7 x 1074
. §70,0 _ 1.0x 104
] 645,0 2.4 % 1074
212py 115.1 ‘ 0.7
& 176.7 0.2
l 238.6 82,00 47.0
A 300.1 3.2
415.2 0.16

—_—

212p; Ag a result of 8 decay (65% yield)

40.0 2.0
,i 288.0 0.5 ‘
460.0 0.8

727.0 7.3 7.1

785.0 1.1
893.0 6.6 0.42

953.0 0.2 0,10
? 1074,0 0.66 0.60
& 1079.0

1513.0 0.86 0.31
' 1800, O} small 0.11
X 1809.0
1620.0 ) 1.8

212p; s a result of & decay (34% yleld)

288.2 0.28
328,0 0.110
434.,0
453.0 0.42 ’
473.0 ;
493.0 4
208p, 280,0 10.0
511.0 25.0 23.0
583.0 80.0 86.0
860.0 15,0 12,0 ‘
2614.0 100.0 100.0 %
R
The gamma activity of 236py was calculated as discussed in Appendix C, A

The radiocactive decay chains and corresponding daughter nuclide activity are
calculated in Appendix D.

*Prom reference (3)




TABLE 2-V
GAMMA PHOTONS DUE TO +80(a,n)%!Ne REACTION

. 4 0B W=

Gamma Photon Energy*

(MeV) Photons/gm=sec PuOg
0.35 4 %103

1.38 8.9 x 10
1.90 1.8 x 102
2.40 1.8 x 102
2.70 1.8 x 10°

*Although references (10) and (11) suggest0.35,1.38, 1.75 and 2.87 gamma
photons, it is felt that the 1.75 MeV and 2.87 gamma rays contained the

above as unresolved resonances.

The photons emitted per neutron emission, neutron emission rates and other
pertinent data are presented and calculated in Appendix B,
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TABLE 2-XI1

MATERIAL PROPERTIES OF
MODEL FUEL CAPSULE

Density Atomic Deansity* Mcdified

Zone Material gm. /cm? atoms/cm? Atomic Density *+
1 Void . 0.0 0.0
2 Tungsten (W) 19.3 063190 4.67628
3  Plutonium Fuel(PuOg) 7.306%w 0.01632 1.79520
Plutonium (Pu) 0.01632 1.53408
Oxygen (O) 0.03264 0.26112
4 Tantalum(Ta) 16.6 0.05526 4.03380

* This density corresponds to the Py Legendre expansion term in the Klein-Nishina

cross sections.

** This density corresponds to the P}-Pg Legendre expansion terms in the Klein-Nishina

cross sections. The P)-Pg Legendre terms of hydrogen were utilized and corrected
by the Z (atomic number) of the isotope used in the analysis.

*** The Plutonium Dioxide fuel density,10.7 gm /cme’, was multiplied by the volume

fraction 0.683.




S0 + 306T%0°€
20 - 380€S€°T
20 + 30244071
€0 + J06LT4°€
¥0 + 3€0060°1T
¥0 + 39/€88°T
%0 + 382£08°2Z
70 + I¥006T "€
SQ + 3IZTFT8E"T
¥0 + 3LS96€°C
¥0 + I18869°T
€0 +FE€TIT9"4
€0 L...mﬂmmﬁw.w
€0 + 3T96S%° 7
€0 + 39S6TF"F
€0 + I¥9650°€
£0 + 360558°9
€0 + 396¥64° T
Z0 + I9PBTE"S
70 +3L£98S°T
10 + 38STIP°S

(17 -0 = #¥3x%)

6L9S

S0 +3€90€9°7
20 - 41€982° 1
10 + 3F6989°6
€0 +3269£€° €
€0 +399¥2L° 6
%0 + 0¥TL9° 1
Y0 + 38€20€° 2
¥0 +39£208°C
0 +3£2982° 1
%0 + 396%90° Z
6 + J0S60F " 1
€0 + APZ0VE"S
€0 + 368£5S°2
€0 +3LLL04°2
€0 +39£04S°7
€0 + JLLTLLT
€0 + 4STF96° ¢
€0 +J9Z€E0" T
Z0 + 395650° ¢
10 + 338SST*6
10 +J99LT1° €

{oe0 = H°)

89%¢

{(q3)m) 1omoq ansded

(NOISSId SIANTONI)
SEIIHONYA ANV SId0OLOSI 4O AVOId — JOUNOS

S0 + I859S6° 1
€0 - 3985528
10 + AT8T¥8" L
€0 + 4£284S°2
€0 + 30064E° L
$0 + 4809%2° T
V0O + d22499°1
70 + 386E¥0°Z
S0 + 3619201
70 + 3S606F° T
70 + I6S6€0° T
€0 + 36¥826° ¢
20 + 3180668
20 +309295°6
20 +392560°6
20 +J9LFEZ 9
€0 + 46168€" T
20 + AV9E6S" €
Z0 +329590° T
T0 + 3IT9061°¢€
10 + VL2601

(£1°0 = ¥y

SLST

*STANd HSTJ Y4OJd INVIdAIN TINSIVO IV

(29s-,ud/su030yd) XATI IDOYIUNS NOLOHd YINNVDO
OIX-z 314Vl

1230
¥50°0-¢_0T

¢'0-¥70°0
£°0-2°0
#°0-¢°0
S*0-%°0
9°0-5°0
£°0-9°0
3°0~-4°0
6°0-8°0
0°1-6°0
2°1-0°1
7 1-2°1
9°1-¥°1
8°1-9°1
0°2-8°1
0°€-0°¢
0°y-0°¢
0°S-0°%
0°9-0°S
0°£4-0°9

(AoN)

Teardju] Abroug

43




—

90 ~ I16FE0°T
€0 - 39L1€L°¢
20 +30SZ61°2C
€0 +3ZSTL97L
?0 + 3789222
v0 + ks8¢
S0 + IFTTFI T
70 + I9E619°2
¥Q + 34214275
F0 + 31S68L°F
PO + 3£5648°1
¥0 +30£Z200°S
¥Q + 390901°¢
#Q + 3Z80c0°¢

%0 + IFXQT86°C
¥0 + 3SETS6°C
S0 + ILELSE"S

0-a

a-a

a-a

a-a

(K NOL FLLMED
P ECEDING PAGE BLANK NOL FLLME

3

a1

LAARIARA LAY A% o K S W IPLT T ANTTE ATAM Ty y pyr

TS TR T b smn s ey ey v ey ey el e B e GIE B DA

S0 + 36650076
€0 — Jase81"S
¢0 +36S668°T
€G +38T799°9
PO + 3BLEEE"T
¥Q + 3L6ETE"E
PO + 3IFSeqd-e
¥0 +d194L2°2
¥0 +3S8TLE T
¥0 + 36TEIT 7
vd +38TLESTT
0 + 3%90se"¥
PQ +3ISP90L°2
70 + 3680%9°¢C
Y0 + 3ZSL65°¢
PO + IFITLSE
S0 +J¥3899°F

g-a

a-a

ag-a

g-a

at

€Q + Z9£640°¢
€0 — Je6EFC"S
I0 + 3646£9°8
€0 ~ 308092°¢€
PO + I52160° 1
PO + 3124881
70 + 36€28S5° ¢
Q@ + 3229821
Q@ +36528S°¢C
F0 + IFITCE"C
€0 + JTS0EZ"6
¥0 + J96¢SC¥° 2
F0 +3284828°1
FG + 32888%°1
P06 + JLEFOT 1
Y0 + I6L607° 1
<0 + J86T€9°2
0°0
0°0
0-0
0°0

<

SY3IIHONVA ANV dgeyz — JOUNOS

v0 + dp1vee" v
¥0 — J8ZB6E"S
06 + 3891¢8°6
20 +d9VLIZ €
20 + 3S649¢€°6
€0 +JELETI T
€0 +3JEGSLL Y
€0 + J98911°1
€0 + JZ¥861°C
€0 + 3J201700°2
20 + J18498° 4
€0 + 3£2£60°2
€0 + 3SS00¢€°1
€0 + 3d¥0692° 1
€0 +3J0e8%C°1

€0 + HLLSETTT
¥0 + ASVEPZ T

0°0
0°0
0°0
60

(s1eak) aby tong

10 + 390089°9
90 - J0SSL9°¢
¢0 - 3€680€° ¥
00 + 37¥862°1
00 + 329560° ¥
00 + I80S€8° 4L
10 +J974€S° ¢
10 + d89S18°2
€0 - JETTL2° 1
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0

0

IOV T30 dITON 1V ANVIAAIN TINSIYD (YI)m GLST LY
Aoomcmso\maouon& XTI IDVRINS NOLOHd YINWYD

AX-7 TTEVYL

1e01
50" 0-¢ 0T
2°0-#70°0
€°0-2°0
7'0-€°0
$*0-%"0
9°0-5°0
£70-9°0
8°0-£°0
6°0-8°0
0°1-6°0
z1-e°1
v I-2°1
9°1-%"1
8°1-9°1
0°2-8°1
0°€-0°2
0°7-0°¢
0°5-0"%
0°9-0°S
0°£-0°9

(noN)
Tearayu] Ab6isug

45




90 + JETLERTT 90 + 3LZRYTT L SC — ETLgE1° 4 ¥0 + Jdegdeo1°9 10 + 35€094L° L [=i0L
€0 3££8%0°€ €0 - 30€ZZ1° L €0 - ITHEET~L v0 ~ I¢L9€8°S 90 - 301F¥8°S ¥90°0-¢_01
Z0 +3S9(8L°C 70 +d1SLT8°C 20+ 2ICTSI T 10 + APBEET T 20 - AVL6I8° ¥ Z°0-7%0°0
€0 ~ 38/6SL°6 €0 + dLHBLE P €0 ~ FZrC8L Y Z0 +321260°% 00 + 3£806%"1 £°0-2°0
$0 +38QT48°C FQ + 390%6EF°C B0 + 3LZ£05°1 €0 + 3S£902° 1 €O +d102EL° ¥ 7°0-€°0
FO + 320606 F $0 + AT0€62°F FQ ~ 3292277 ¢ £0 + 3£6040°¢ 00 + LTV 6 §°0-7°0
€0 +37879€°1 €0 + 308T8T°1T >0 ~ 3S71899°9 £0 + d16€0/°S 10 + 3£8406°2 9°0-5°0
PO + 399€€8°€ 70 + 380FEE "€ tQ +~ 32rE88°1 £0 + 3SS8Z9° 1 10 + 0TTIE € L°0-9°0
?0 + 369821°4 F0 +38TS8T"9 Bl + Z0%E6E°E €0 + d90%.46°2 0°0 8°0-4°0
F0 +378019°9 PO + I9FLELTC £0 + 310982°¢ £0 + d8¥294°C 0°0 5°0-8°0
PO + 39589672 vQ + 38.88S°C £0 + 3064SP°T €0 + 3L92V2° 1 0°0 0°1-6°0
¥0 + 3£0028° L PO + 3SETES 9 FQ + 380269°¢ €0 + dZ89%1°¢ 0°0 Z°1-0°1
¥0 + 27L066°F FQ + IP9ErEE £0 ~ 38C1CH°Z €0 + 389680°2 0°0 vo1-2°1
p0 + 3€L978° ¥ ¥0 + 3LTETT F ¥ ~ 3S608E° T €0 + 36£620°2 0°0 9°1-%"1 <
PO + 3SLIFL T ¥Q + T0LIET T £ + 32262672 €0 + EFS86° 1 0°0 8°1-9°1
v0 + 36TTL9°F ¥0 + 30€040°F% FC + 34976272 €0 + 3€£6556° 1 0°0 0°2-8°1
S0 + I9¥S6S"L S0 + 39781979 cQ +3CITEL € v0 + 32€081°¢ 0°0 0°€-0°2
a-a a-a 0°0 0°0 0°0 0°p-0°¢
a-a a-a 0°0 0°0 0°0 0°S-0"V%
a-Q a-q 0°0 0°0 0°0 0°9-0°S
a-a a-a 0°0 00 0°0 0°£-0°9
a1 at c 1 0 (AeN)

{earajuy Abisug

(s1eal) aby 1ong

SYILHOAVA ANY Ndggp — IOUNOS
39Y TA04d AILON IV ANVIdAIN ITNSIYD (Ui)m g9ve 1Y
(s9s-,wo/suoloyd) XNTd IOVINS NOLOHd YWN VD

IAX-Z T19vL




S0
€0
29
&0
&0
F0

F0

44
¥Q
0
44
s@

+ 38844971
- 3IT6LERTE
+ 3L9%9C 7€
+3L8SL0°T
+ IPGILIE
+3012kF"S
+ JLTLERT
+ 308FLFF
+3£5600°8
+ 3L8C087 L
+ 3448197 ¢
+J6¥8F6 "8
+ 32€6ST 9
+ J8SELGTC
+3T12¢€8°¢S
+ 38Q7€L°¢
+ IZBEEL™S

a-a

g-a

g-a

g-q

81

90 + 3TC08F°T

€0
20
€0
48]

23

&0
48]
0
¥0
¥G
gt
£Q

SO

- 3Z6%¥F9°8
+ 3S06€9°¢
+3LLLEETS
+ 3J08E8L°C
+ 3LE92L°F
+ 3TTEST T
+ 3917687 ¢
+ J601S6°%
+ 3609Zc"¢
+3072¢T1°¢€
+ d66F8L7 L
+ 36899€°¢
+350s0C°¢
+384T80°¢
+ d0gre6e-t
+ 3LT0T9°L

g-a

a-a

g-a

a-a

at

oG - 370LET"8 ¥0 + A11920° L 10 + 4£¥850°8 Tel0l
€0 - 2ZLOL1°¢E 70 — 465€29° ¥ 90 - 3£8110°9 Y707 0-¢_0T m
Z0 - 3%GTIO°T 10 +3€S952° 1 70 + dLY976°F 2°0-%%0°0
€0 + 324CL2"C 70 + J0H01S" ¥ 00 + 3ESSHS" T €°0-2°0
F0 + I60FCC T €0 + JELZEE" T 00 + A¥0506° ¥ 7°0-£°0
70 + I606£99°2 £0 +30S642°¢ 00 + 3209056 S 0-%°0 |
70 +3T.180° 2L €0 +390.50°9 10 +35£900°¢ 9°0-S°0 w
BQ + 3246172 €0 +3€L268° 1 10 + 4£01S%°¢€ £L°0-9°0
£0 +3€9¢26°¢€ €0 + ApZThe"€ 0°0 8°0-£0 _
0 + 2ZTC89°€ £0 + ATL9ET "¢ 0°0 6°0-8°0 J,
B0+ TGTLLET £0 + I68F1S° 1 0°0 0°1-8°0
B0 + 39CEHEF €0 + ATLYVL E 0°0 Z2°1-0"1
£0 + IE9ST0"€ £0 + 366845°2 0°0 v 1-2°”
v0 + ICETE6°2 €0 + 327105°2 0°0 9°1-v"1 3
0 + 386898°C €0 + 3861P%°2 0°0 8°1-9°1
£0 + CLE18°2 €0 + 36000%°Z 0°0 0°2-8"1
S0 + 30€362°F F0 + /69537 ¢ 0°0 0°€-0°2

10 0°0 0°0 0°%-0°€

¢-o 60 0°0 0°S-0°"%

00 0°0 0°0 0°9-0°S

0°0 6°0 0°0 6°L-0°9

< I 0 (AeN)

fjeazsjuy Abisuyg

(saealk) aby 1ong

SHITHIOYA ANV Ndge, — IdDuNOs
SOV TIOI QIION IV INVIJAIIN ITNSIVO (U3)» 6498 LIV
ﬁummINEU\mﬁoHou_mv XATd IDYNENS NOLOHd YININYD

IIAX -2 TT4YL

e




0T X §30°T
HOT ¥ SLZ°1
0T ¥ 268" T
Q0T X90T°T
(0T X 07Z°€
0T X 95077
LT X PEF T
0T ¥ 28672

S
(0T X 822°€

SQ +306T¥PA"°E

649S

x -
NcH S6°9

mo.m X Z260°6
woﬁ XeIt'1
0T X 29¢°8
moﬁ X €69°C

mm: X 880°¢€

X 9¢68°
w,cﬁ 9 1

N -
mo.ﬁ 6%¥5°¢

<07 X €28°C

S0 + 399059°2

897¢

(B

SSId s3adn
SYFIHONVYA ANV STIdOLOSI JO A¥VO3d — IDUNOS
fTINJ HSTYI Y04 NOILISOd ¥OI03Lad 4O NOLLONNI ¥
Sy ﬁowmluao /suoloyd) XNT1d NOLOHd YINIWYD

HIAX-Z JTaVL

0T X ¥2¥°€
01 X 2€1°9
0T X 0£9°¢L
0T X 0%0°9
c0T X 048" 1

01X 00°Z

€
0T X #31° 1

(4
€
€
14

14

moH X 0S6°1
0T Xov1-e

S0 +3I8¥9S6° 1

S4ST

nsde)

0°001°0°0
0°07°0°0
L°LE'0O
L°22'0°0
L°L1'0°0

0°0°0°C0T

0°0°0°0%
0°0°'TLF’ L
0°0°€cL’9
0°0°S66°S
0°0°4S2°S
0°0‘wd gIS"¥

(s3935WTIUSD)

Z’ o’ 1) UuoTIISOd 10109191
0




(01 X 82572
01 X £06°2
0T X 6€57¢€
0T X 12877
(0T X 68€°L
(01 X 82276
20T X 088°¢
(0T X 008°9

gl X I3€°4L

€0 +3018€6°9

649

01 X 00S°1
NOA X8.0°¢
0T X ¥%5°¢
0T xX9S6°1
01 X %ST°9
01 X9S0° 4

N Ld
Ncﬁ ve'v

.M N

-

moa X 426°S
x 9
moﬁ oSy

€0 + 394950°9

89v¢

© £ES°L
01 ¥ BPE" 1T
Nom.ﬁ X 889°1
- .
m¢ﬁ 82€° 1
x -
m¢ﬂ €11V
(0T X 6€°7
N? X %09°¢C

.m
%: X 887" %
ﬂ;: X S0L°F

€0+ TLSHOE ¥

M

: SLST

((43)m) 39mog msded
NOILOVYIY ®Nyz (U’ 0)Ogy — IDUNOS

XIX-Z JTHVL

<IENd HSTYS 404 .ZOH.HH.mOm. YOI0313d IO NOILONNA ¥
SY AowmlNEo\ suoloyd) XN'1d NOLOHd YIWNYD

0°001°0°0
0:0%'0°0
L°LE°0°0
£°22°0°0
L7L1°0°0
9°0°0°001
0°0%
0°'0°1LYV L
0'9°€EL’9
0°'0°S66°S
0°0°482°S
0°0'61S°7

(saer0uIIUaD)
(2’ g ') doryrsog 1030919

49

s e

PR




el

OTXTI8°T
S0T X %2 €
;0T X £60°F
QT X PET°E
0T X 06876
0T X 980°T
L0 X 19279
0T X 80€0°T
Q0T Z IET'T
90 + JT6FEC"T

a1

dememi e o e

0T X 94871
0T X £28°2
JOT X T€5°¢
0T X6LL°2
0T ¥ 909°8
LJT %9816
0T X 697°6
0T X0.6°8

T X ®
mOH ¥¥8°6

S@ + 366500°6

o1

S¥ IINSAVO (W)m §LST ¥Od Aomm..NEO\co“on& XN'Td NOLOHd YININVDO
1

K *
NcH 68°8

0T X 265" 1
ST X661
01 X 895°T
0T X 8£S8° ¥

x -
moH 181°S

% .
wcu €40°¢€

0T X 650°S
0T X 256°§

S0 + J2£640°S

S

05852
0T X 8SE"T
0T X 00£°T
y0T X 8€E" 1
NOUX VY
01 X 1277
0T ¥ 229°2
LOT X LTE"?
ST X LELY

¥0 + AVTVEE ¥

(s1e04) 9by 1oNng

SYALHONVA ANV Ndge, — IOUNOS
!3DY TINJ QIION IV NOILISOd ¥OLOIIIA JO NOILONAI ¥

XX-7 TJ19¥L

0L11°0

¥60°2

619°2

[T %1902
(0T X ¥8€°9
189°0

0%0° ¥

(0T X €59°9
(0T X 108°4
10 +390089°9

0

0°001°0°0
0°0%¥‘0°0
L°LEO'O
4°22°'0°0
L°L1°0°0
0‘0°°001
0'0‘0°0%
0°0°S66°S
0°074SZ"°S
0°0°61S° ¥

(s1319WIUaD)
(2'g* 1) uonaISOd 1010919

50

PR T ST




1l
01X 009°€  OTXEET'E Q0T X 292°T 0T X80S°T ¢*001°0°0 ,
L0TX000°S 0T XO0SE'D LOUXVSPT 01X €602 0°0%'0°0 s
LT X02T°9 0T X 428°S LOTXY00°E 0T X952 LTLE'0'0 s
QTXLOLF 0T X LG0T QOLXOIE'Z  L0TXTLE'T (0T X 20572 L°22°0°0 I
GQUTXTI8F T 0T X682°T QT X 292°L 0T X002°9 {01 ¥ 588° 4 LTL1°0°0 S
pOTX8RIT 0T XBLYT gOTX EEE"8 0T X60T"L 0°0°0°001 It
(AT ¥0Z0°T 0T X8.8°8 FOTX L00°S 0T X2LT°¥ 0'0°0°0%
gOTX9TT' T 0T X 1921 g0TX 00074  _0TXZLE'S (0T X 565" 4 0°0°€EL"9
QOTXZEE T GOTXTSE'T OTX8T9°L  ;01X00S°9 (01 %5928 0°0°566°S
90 + IPTLSP T 90 +3£Z892°T SO +I1LZST°L VO +€020T°9 10 + 35€0924° £ 0°0°£52°S
81 0t S T 0
(si93ourruad)
(2’9 '1) uoniIsod 1010913Qq
(s1eax) a6y [engJ

SYILHONVA ANV Ndggz — IOUNOS
‘997 T3nd TILON 1V NOILiSOd HOIDILIA IO NOILONNd ¥
SV TTNSAVO (W) 89%€ WO (095~ ,W0/U010Ud) XN'Td NOLOHd YWINYD

IXX-¢ J19vL

e~ i PR e g -




Q0T X 2878
LT X080°L
50T X £85°8
(0T X £60°9
g0T X L8271
LT X 28272
QUXEVET
g0 ¥ SHG° T

x -
woﬁ 12 VAN

9G + IS8LL9°T

81

NS .

)

0w W wn

a1 X ZTT°¢
Gt x 021"

01 X 6F%* L
01 X 80€°S
0T X 985" 1
0T X €56° 1
01 X 691" 1
01 X 287" T
0T X 0SS°T

90 + JTC09P° 1

111

0T X £88°2
01 X ISP°€
01 X 102°¥
0T X €66°Z
01 X Z4L°8
0T X 960" T
501 X 065°9
0T X ££0°8

x -
mca 6€4°8

M

W

<

S0 + d899¢¢Z°8

01 X 657"z
(0T ¥ 776°2
(0T X £85°€
:
50T X S8
0T X mwv.u
0T X S¥E'6
01 X 129°S
01 X 988°9
01 X SSh £

4

€
|4
4

0 +I11920° £

i
3

t

(s1e24) @by 1ond

SYILHONYA ANY Ndge, — IDUNOS

282°0
L1e°¢
0rT"¥

(0T X 626°2
0T X 285°8
2L0° 1
1LhP°9
10T X 006° £
;0T X 0558

1

10 + 3e¥850°8

0°001°0°0
0°0%°0°0
£°LE°0°0
L°Z2°'0°0
L°L1°'0°0
0°0°0°00T
0‘0’0°0%
00 1LY L
0°0°€EL"9
0°0°S66°S

(s1939WUAD}

(2'g’4) UoTIISod 1010918

:39v Tand AIZON IV NOLLISOd ¥010313d 4O NOLLONNJ ¥

S¥ IINSAVO (W)M 6496 YOI AommlN&ON suojoyd) XNTd NOLOHd YNINVD
IIXX-¢ I8V

X

52




3. NEUTRON RADIATION CHARACTERISTICS
3.1 Introduction

This report section presents the result of caloulations of the noutron flux
emitted by plutonium dioxide fuelled RTG capsules, Neutron flux dis-
tributions were determined as a function of energy for the three RTG
model capsules already described in Section 2, namely: 1575, 3468

and 5679 w(th). The flux calculations wera based on neutron yield
gpectra which were derived to account.for plutonium spontaneous fission
and both oxygen and contaminant light element (&, n) reactions.

Since the RTG .emiited neutron flux is a function of the total neutron yield
per gram of given plutonium dioxide, the yisld spectra must be obtained
as discussed in Section 3.2, Measurements and calculations of the
spectrum of alpha particles and of neutrons in production plutonium
dioxide fuel are presented in the literatureu-s' 22-27) . Unfortunately,
there is considerable variation with respect to the emitted spectral

components and their intensities.

The total neutron yield for plutonium dioxide with oxygen of natural

abundance and no impurities or self multiplication may be as low as

zaepu(za)

1.7 x 104 neutrons/sec-gm of . Plutonium dioxide sources

larger than 100 w(th), typically have a total specific neutron yield between
2.0 x 104 and 3.0 x 104 neutrons/sec-gram Pu238 (1 '28). The total
specific yield may be taken as 75% due to the 180(01, n)ZINe reaction,

12% due to the spontaneous fission of 238Pu and 10% due to the con~-

taminant light element (@, n) réactions with the remaining 3% due to lesser
known phenomena such as 17O(Ot, n)21Ne, (¥, n), etc. Typical yield values

are: »




I. Plutonium figsion ~==== spontaneous fission neutron yields
0£ 2586 (+ 398) neutrons/sec~gm 2SaPu have bean reported(zg’ao).
II. Oxygen (@, n) reactiong ~==m== 170/ 1 8C (e, n)ZINe neutron

ylelds ranging from 12,400 to 14,500 neutrons/sec~gm 238Pu.,
have been reported in references (1) and (28), respectively,

III. Impurity (¢, n) reactions ~==~- an impurity (&, n) neutron
yield of 4000 neutrons,’sec=gm 238Pu is typical for commercial
238

fuel, though values as high as 10,000 neutrons/sec~-gm Pu
have been reported.

(29) 2 depleted in 170 and 18O in
order to reduce the neutron emission rate to about 20% that of the natural

oxyyen PuO

There are current efforts to produce PuQ

20

Section 3.2.1 describes the method used to determine the neutron fission
gspectrum. Section 3.2.2 and Appendices G, H, I and J detail the method
used to determine the 18O(Ot, n)ZINe neutron spectrum, The impurity
element (&, n) spectrum was calculated as described in Section 3.2.3
and Appendix K.

The neutron yield spectra were used as source terms for determination of
neutron transport to the fuel capsule radial and axial surfaces, and surface
flux spectra thus obtained, Neutron transport was calculated by the method
of discrete. ordinates(lzz Neutron flux geometric reduction from the capsule
surface to exterior spatial locations was calculated by means of the removal
cross section technique and point kernel geometry(lsz These calculations

and obtained results are discussed in Section 3.3.




F—% o T

3.2 Neutron Souree Spectra

3.2.1 Fission Neutrons

The neutron fission spectrum was determined from the reported neutron
total spontaneous fission yield rate of 2.6 x 103 neutrons/sec~gm 238Pu_(30).

240

The 2.6 x 103 value does not include the spontaneous fission of Pu

because of its low abundance in the fuel and the fact that its fission rate,

29 neutrons/sec-gm 240Pu, is less than the uncertainties indicated in the

literature for the spontaneous fission rate of 2:ml’u. The fission spectrum
was. determined from the uranium fission spectrum relationship(ls)normalized

to the plutonium total spontaneous fission yield, as
N(E_) = 2.00154 x 10° Esl/z .exp (-E_/1.29), (3.1)

where Es is the fission neutron energy. An alternative relationship has
been reported which gives the number of spontaneous fission neutrons
produced per MeV per gm of 238Pu as(24)

3 1/2

N(Es) =2,04x10 .Es . exp (-Es/1¢34) (3.2)

This relationship is based on a total spontaneous fission yield rate of
238Pu (28)

238

2.8x 103 neutron/sec-gm . The total number of spontaneous

fission neutrons produced by Pu in any energy interval may be obtained

after integration of equation (3.1), over the energy interval, as

By . EH .
N = j- N(Eg)dEg = 2.00154 x 103 L Eg1/2 oxp (-Eg/1.29) dEg, (3.3)
Ey, L
where, EL and Eyy are the lower and upper limits of the neutron energy interval

in energy units of MeV.

{i
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The total spontaneous fission neutron yield rate was calculatad for
twenty-three (23) energy intervals, in the range 0,025 aV to 10 MeV,
The results .of the calculation are given in Tahle 3~I for the RTG plutonium
dioxide fuel. In Table 3~ column 2 {s the spontaneous fisasion yield per
gm of 238:;. The spontaneous fission yield in each energy interval was
divided by the total neutron fission yield to determine the spontaneous
fission spectrum given in column § of Table_3-I,

In the neutron flux results presented later in this section, the value of
keff corresponds to the ratio of the calculated total neutron fission rate
in the subcritical system volume to the assumed neutron fission source
normalized to unity in accord with the group distribution given in Table
3-1. The fission rate for each neutron group g, and for each volume
element, was integrated as:

zNi,.g Woi,g Vi (3.4)

where N i gis the scaler flux (neu-trens/cmz ~sec); Vi is the 1th elemental
' -

volume (cm3) : and yo is the numberof neutrons released per fission

L,¢
multiplied by the fission cross~section corresponding to group g. A

more extensive multigroup treatment of_the multiplication constant, k

4
(17,31) eft

etc, 18 given in the references
3.2.2 Oxygen (¢, n) Neutrons

The oxide in the plutonium dioxide fuel source containg natural oxygen

which consists of the oxygen isotopes 160, 17'O and 18O in the relative

23
abundances 99.759, 0,037 and 0‘204%( )

. Alpha particles interacting




= =1

T

with low atomic number isotopes may give rise to the formation of very
short-lived compound nuclel which promptly decay accompanied by the
emission of a neutron, The cross section for this (@, n) reaction is negligible
for the relatively stable 16O isotope, However 170(01, n)ZONe and 180((!, n)
21Ne reactions rapresent the principal sources of neutrons in plutonium

dioxide,

The total neutron yield produced by the 130(01, n)lee reaction in the
plutonium dioxide product fuel are tabulated in the current literature
(1, 3, 4, 21, 32-35) . The (@, n) neutron yields in the references are
expressed as the numerical difference between the measured total neutron
vield and the calculated neutron figsion yield. Variations in the (&, n)
spectrum result from uncertainties in the calculated fission yield and

lack of knowledge of light element contaminations in the plutonium dioxide
fuel. Though oxygen (&, n) neutron yields have been reported(1 ' 24)
information has not been given in sufficient detail to allow spectral
calculations to be carried out. In the remainder of this subsection and
Appendices G, H, I and J the (@, n) total neutron speotrum and the methods of

calculation are presented.

In the present work, the (&, n) neutron yield from the irradiated oxygen

nuclei was assumed to be totally due to the 18O isotope since the maximum
yield for the 17“0(01, n)zoNe reaction is ~ 10% of the 180(0!, n)ZINe reaction
yield(le,) the l70 abundance.is 0.037% as compatred to 0.204% for 18O
Further consideration of the 17'O(C!t, n)ZINe neutron yield is not pogsible

until more experimental information becomes available,

An alpha particle of initial energy E, collides with the atoms of the trans-
port medium and is thus degraded in energy until thermal equilibrium with




- e "

B — rre= tea

the medium is achieved, Each alpha particle collision with the 180

nucleus corresponds to an inelastic (@, n) reaction providing the alpha
energy is greater than the threshold energy. The threshold is the lowest
energy for which the (@, n) reaction can occur, The alpha particle "slowing
down" procegs gives rise to an energy spectrum of inelastic collision
neutrons. If isotropic acattering in the center of mass coordinate system
ia assumed, tho number of neutrons with energy Fp+ generated by tho alpha
particle collision with 180 target nuclel may be obtained as

N(Ep) dEp = N(8oyy) sinéy, dbgpy,
2
where, Gcmis the scatter angle in the center of mass coordinate system,
The reader may refer to texts for a discussion on the penetration of charged

particles £36) .

l

The intermediate zzNe nucleus resulting from the 8O(ﬁt, n) reaction decays

to various z.lNe levels as follows(21 132,33 ):

55% to the ground state,

35% to the first excited 0,35 MeV state,
~ 10% to the second excited 1.73 MeV state,
~ 1% to the thir excited 2.84 MeV state.

The (&, n) reactions were calculated for each of these inelastic collision
schemes, The Q values for the reactions were taken as -0,.70, =1.05,
-2.43 and -3.54 MeV for ground, first, second and third states, respectively,

The two alpha particles emitted by 238?\1( 1-3 , namely:




R

S

Energy (MeV) Alpha Particle per Disintogration
5,495 0.72
5.432 0,28

were taken as a single §5.50 MeV alpha particle for all calculations,

Tha dynamies of the J’8(3 (@, n) 21N¢3 reaction are given in Appendix G.
The alpha particle energy loas per unit path longth, (dEq/dx);, rosulting
from collisions with oxygen and plutonium atoms4n the fuel, 18 discussed
in Appendix H. The 180 (@, n) 21Ne noutron yiold spectrum is discussad
in Appendix I, Appendix J describeg the numerical intogration of the 180
(@, n) 21Ne spectrum over the twonty-three energy groups used in the
present work,

The 1'80 («, n) 21Ne neutron spectrum was determined for the PuOz product

fuel in twenty-three energy groups in the range 0.025 oV to 10.0 MeV,

Table 3-II presents the rusults of the calculations., The data are normalized

to a neutron yield value of 1,22 % 104 neutrons/sec-gm 238Pu; an experimentally
measured value of 1.24 x 10‘1 neutrons/sec-gm 238Pu has been obtained

17 180(37)

for reactions with ~" O and . Table 3-III is the spectrum normalized

to unit emission.
3.2.3 Impurity (®, n) Neutron Yield

Commercial grade Pqu contains small quantities of uniformly mixed low
atomic number impurity elements which yield neutrons through the (a, n)
reaction, The neutron yield, which may be significant, varies with each
commercial fuel feedstock., Thus in order to calculate the total PuO

2
neutron yleld it is necessary to explicitly identify the impurity elements

present. Since the yield spectra have not been generally reported they
wete assumed, in the present work, to be similar to the 180 (o, n) 21Ne




yleld spectra as given in Table 3-~III. This assumption if the impurity
concentration is relatively small and better data 1s unavailable.

Table 3~IV presents an analysis of a typical Pu(NO3)4 feed stock used in

2 fuel(ae). The 238?11 isatopa emits

~5,5 MeV alpha particles which in turn interact with the impurities. The

the production of commercial PuO

5.5 MeV alpha particles have sufficient energy to exceed the (@, n)
threshold and the coulomb barrier of the low atomic numbered 1mpur1ties(39) .
Neutron yield data for the major impurity elements are determined in

Appendix K; the yield units are: neutrons/sec-ym Pu per ppm of impurity.

For example if a Li impurity of 5 ppm (by weight) is present in Pqu .
then the neutron yield will range from, 5x 4.3 =21,5to 5§ x §.5 = 27.5,
neutrons/sec-gm Pu. The range variation results from the range distribu-
tion of experimental data. An excellent compilation of light element

(¢, n) reactions is given in Chapter I of reference (40); reference (41)

is also recommended.

3.3 Neutron Fluxes

The neutron source spectra yields discussed in Section 3.2 were used to
determine neutron flux distributions at the RTG surface and exterior spatial
positions. The flux calculations were carried out for three fuel capsules
already described in Section 2, namely: 1575, 3468 and 5679 wi(th).

Figure 2-II gives the dimensions of the three model capsules and the material

zones as a function of power. The material composition of the capsules!'
zones are detailed in Table ?-XIII.

4 2 d" - - . -l . - i .
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The neutron transport to the RTG surface and exterior spatial positions
was calculated using the ANISN(N) and QAD(IB)
ANISN was used to determine surface fluxes and QAD was used to obtain

computer codes.

B 2o to
e < S
ik R BN

exterior fluxea. The neutron collision group constants were calculateq
using the "Evaluated Nuclear Data Pile"(42) and the'R, J. Howerton
Evaluated Data File" (43) . The microscopic collision cross sections were

averaged for twenty~three neutron groups with a neutron flux spectrum

thermalized to 20°C and continuously varted as a function of energy L,
238

Pqu(l) emission neutron

spectrum was assumad as the fission weighted flux spectrum vp to 7 MeV,
From 7 MeV to 10 MeV, *he 238Pu fission spectrim 'vas assumed for

weighting, Additional caiculations showed that even when thermalized

up to approximately 0.2 MeV. The measured

up to 600°G the thermal neutron fluxes remain relatively unchanged.

Table 3-V gives the calculated neutron flux as a function of energy and

power at the capsule radial midplane surface for 18O (@, n) 21Ne and
fission neutrons. Table 3-VT gives similar radial surface fluxes for fission
neutrons only. The calculated values of k are noted as 0.17,

effective
0.30 and 0.40 for the 1575, 3468 and 5679 w(th) capsules.

Tables 3-VII, 3-VIII and 3-IX give the calculated total neutron flux at

axial and radial detector positions at and bevond the capsule surface,
i.e., at cylindrical coordinate positions (r,8,2) as defined in Figure 2-III.
The data in these tables corresponds to the total tfluxes given in Tables
3-V and 3-VI at (r,8,2) = (capsule radial surface, v, 0), The total

fluxes given in Tables 3-VII to 3-IX are shown graphically in Figures 3-I

through 3~1IV as a function of detector distance r, with capsule power as the ‘
parameter. Figures 3~I and 3-II are for the radial midplane while '

Figures 3-III and 3~IV are for the axial midplane. Figures 3-I and 3-III
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'. are for 18O (o, n) 21Ne plus fission neutrons while Figures 3~II and 3~IV

18O (@, n) 21Ne may be obtained by
subtraction since the values of keff are less than unity, i.e., since the

are fission neutrons only. Data for
fuel capsules are subcritical,

, 4 The surface neutron flux produced by the impurity light element (@, n)
neutrong may be determined as

¢1:¢ox§t (3.5)

@, = surface neutron flux produced by the oxygen (&, n) reaction,

eg. Table 3~V minus Table 3~V '
Y, = neutron yield produced by the oxygen (&, n) reaction per

second per gram of Pu, eg. 9882 n/sec-gm Pu based on 80%

238p) in Pu and 1.22 x 104 n/sec-gm 238Pu;
¥; = neutron yield produced by the impurity element (&, n) reaction

per second per gram of Pu, eg. the Appendix Table K-II data

gives ¥; = 191 x 10 = 1910 n/sec-gm Pu for 10 ppm of boron

(using the maximum yield per ppm of impurity value).

Equation (3.5) assumes that the light element (@, n) neutron spectrum
corresponds to the 18O (@, n) 21Ne neutron spectrum,

An example of the use of the calculated data presented in this report

section is given in Appendix F. The example computes the neutron flux at

r= 100 cm for a capsule power of 1575 w(th), "normal" oxygen and a
100 ppm boron impurity.
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FIGURE 3 -1V
NEUTRON FLUX AS A FUNCTION OF DETECTOR AXIAL DISTANCE
FROM CAPSULE AXIS WITH POWER AS THE FARAMETER
(NEUTRON SOURCE: FISSION)
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TABLE 3-1

PLUTONIUM ISOTOPE SPONTANEOUS FISSION NEUTRON SPECTRUM

Neutron Energy

. Interval Neutrons Neutrons Neutrons/sec-cm3 Fisgion

(MeV) sec-gm438Pu  sac-gm PuOy (PuO, Fuel) Spectrum
0.025 - 0,10 x 1078 3.72x 1078 2.64ax108  19.3x107% 0.0
0.010 - 0,30 x 1078 6.90x 1076 4,93x10°%  35.03x 106 0.0
0.030-0.30x107%  2.3x107%  Ls2x10™ 11 x1074 0.0
0.030- 0.555x 107 1.73x10%  *.24%10%  9.06 x 102 - 0.0
0.555 x 1073 - 0.0170 2.92 2.09 15.27 00113
'0.0170 - 0.0449 9.52 6.80 49,70 .00368
0.0449 - 0.122 41.39 29,55 216.0 . .01598
0.122 - 0.201 55.97 40.0 292.32 .02162
0.201 - 0.331 108.94 77.78 568.43 .04204
0.331 - 0.546 202.24 144.39 ' 1055.2 .07805
0.546 - 0.702 152.14 108.62 793.8 .05871
0.702 - 0.90 ° 190.74 136.18 995,22 .07361
0.900- 1.16 237.86 169,82 1241, 07 .09180
1.16 - 1.49 272.56 194,59 142208 .10518
1.49 = 1,91 294,11 210.0 1534.7 .11351
1.91 - 2.45. 295.72 211.12 1542.9 .11412
2.45 ~3.14 266.52 190.28 1390.59 .10286
3.14 -4.04 214.13 152.88 1117.27 .08264
4,04 - 4.46 64.58 46.11 337.0 .02493
4.46 -~ 5,18 76.26 54.44 397.86 .02943
5.18 -~ 6.66 76.51 54.62 399,17 .02952
6.66 - 8.55 30.93 15.77 . 115.25 .00853
8.55 - 10.0; 7.00 5.00 36.54 -00270

Total 2.6 x 103 1.86 x 103 13.52,(103 1.0000
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TABLE 3-III
18 21, }
O(2,n)" "Ne NEUTRON SPECTRUM

Neutron Energy

Interval Noutron Spectrum*
(MaV) (N(E)
2.5 x 10781077 0.0
10°7-3,0 x 1076 0.0
3.0 x1076-3,0 x 1075 0.0
3.0 x 1075-5,55 % 1074 0.0
5,55 x 10™4-1,70 % 1072 ,00022
1,70 x 107%..4,49 x 10~ 00045
4,49 x 107%-1,22 x 107! .0020
1.22 x 10"%-2,01 x 107! ,00216
2,01 x 1071-3,31 x 107! .00376
3.31 x 10"1-5,46 x 101 .0078
5.46 x 10" *-7.02 x 107} 00821
7.02 x 10~1-9,00 x 107} .01019
9.00x 10~1-1,16 .02883
1.16 - 1.49 .04875
1.49 - 1.91 .07483
1.91 - 2.45 .17085
2.45 - .3.14 .34745
3.14 - 4,04 +26938
4,04 -  4.46 - 02475
4.46 =~ 5,18 -000105
5.18 -  6.66 -0
6.6 = B8.55 0
8.55 = 10.00 -0
ol 0.99983

* Number of neutrons emitted
fer unit neutron emitted by
80(0! , n)ZINe reaction
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4. DISCUSSION OF RESULTS

Basic gamma photon and neutron source charactistics have heen determined
and flux data obtained for plutonium dioxide RTG fuel capsules. The fuel
capsules were hypothesgized based on the SNAP-27., The methods for
characterizing the sources have been given in adequate detail, The cal-
culation of the photon and neutron fluxes were carried out using computer
codes in the public domain. The gource data may he used as input to
transport calculations in other than SNAP-27 configurations, as for example
in SNAP-19 where the fuel is not annular but consists of solid discs,

i.e., "hockey-pucks." Alternately the flux data in this report may be

corrected to approximate data for other fuel configurations.

The results may be considered as useful starting points for analyzing RTG
radiation interference with science experiments or instrumentation on
space probes. Similarly it may be used to determine biological hazards
in the presence of RTG's. The results may be modified as indicated for

analyses of biomedical problems where PuQO, power sources are proposed,

2
as for example in "heart programs.,"

Although the data in Sections 2 and 3 do not include exposure dose information
this may be readily obtained by employing standard conversion factor

(44,45) . Table 4~-1 presents RTG capsule radial gamma photon total

information
dose rate at one meter as a function of fuel age with power as a parameter.
The table also indicates the percentage contribution from the source com-
ponents: 236Pu, 18O, and Pu isotopes and daughters. It is noted that the
isotopes and daughters are the major source (~ 97%) component in fresh

fuel, whereas 236Pu is the major source in aged fuel (~ 91%). Figure 4-I

gives the one meter radial and axial dose rate as a function of fuel age for




e i

the 1575 w(th) model capsule; this size approximates SNAP-27, Reference
(46) gives radial and axial experimental values of 8 and 1,6 mr/hour for

a two year old 1500 w(th) SNAP-27, Allowing for the 5% difference in source
power, thig value is in very good agreement with the present calculations

ag sean in Figure 4-~I.

The capsule surface neutron flux data given in Table 3~V and the reference

(45) conversion factors ware used.to ohtain the surface dose rate for a

1575 w(th) capsule, The data in Table 3=VII was used to convert surface

dose rates to one-meter radial and axial dose rates of 52.4 and 30,5 mrem/hr.
Since these dosge rates are based on source yield data which accounts only

for 180 (@, n) 2lye reactions and fission,.a 'correction' for (&, n) impurity
reactions is required. If impurities concentrations are not identified but

total yield data is, an estimation of the (¥, n) impurity flux may be carried
out. Reference (24) gives total neutron yield for SNAP-27-1 ag 2.2 £ 0,1 x
104 neutrons/sec-gm 2‘%Pu, and the dose rates above (52.4 and 30.5 mrem/hr)

are based on 1.48 x 104 neutron/sec~gm 238Pu, which suggests an impurity

yield of 0,72 x lﬂineutron/sec-gm 238Pu, ie., an additional ~ 49% yield.

For this yield radial and axial total neutron dose rates of 78 and 45 mrem/hour
are predicted. The actual total neutron yield value depends on the Pqu
quality control during the production process. If the total neutron yield

is taken as 19,000 neutrons/sec-gm 238

Pu, the SRP value as in reference
(37), then radial and axial total neutron dose rates of 64 and 38 mrem/hour
are predicted. These dose rates may be compared with references (47,48)
radial and axial measurements of 93 and 42 mrem/hour, respectively. The

reference data represents a mean for three different capsules.

Since the experimental dose data of the references includes laboratory

neutron and photon scattering it is8 suggested that this may be the major
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reagon for the difiarence between experiment and prediction, The backscatter
dose is a function of experiment geometry, structural material composition
and thickness as well as neutron and photon gpectral distribution. For
gamma photons the increa: .. in excess of the direct dose, resulting from
concrete floor and wall scatter, would be only ~ 5%(59) . It is possibly
for this reason that the above gamma photon predictions are in good agree~
ment with experiment, The increase in exceas of the direct dose for |
neutrans is considerably greater for concrete floor and wall scatter, with
a value of ~ 30% estimatod as probable; this percentage is based on
estimates using references (50) and (51) albedo data. In order to obtain
an accurate determination of backscatter the details of the specific
experiment are required. A '30% backscatter' for neutrons would increase
the radial and axial total direct-dose rates of 64 and 38 mrem/hours to

yield 'laboratory dose' rates of 83 and 49 mrem/hour respectively. These

dose rates are within the experimental data accuracy of 93 and 42 mrem/hour
(47)

£ 20%
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APPENDIX A
GAMMA ACTIVITY DUE TO DIREGT DECAY OF
24lp. AND DAUGHTER NUCLIDES

The direct decay of 241py yields a 145 keV gamma photon whose intensity
ig obhtained as:

photons/sec~gm PuOy = 3.92x10%2 s x(.008) x(,881) x (abundance)
ﬂocﬁgmz Pu
where
0.008 is the fraction gm 241Pu
gm Pu
and

0.881 is the fraction gm Pu
gm PuOjp

Thus, the 145 keV photon activity is obtained as

=3.92x1012 dis x.008x .881x1.6 x 10~6
sec-gm Pu

= 4.42 x 104 photons (145 keV)

sec-gm PuOj

There are two decay modes available to 241Py. The gamma photon yields

of the 241Pu daughter isotopes in these chains is presented in the remainder
of this appendix. The decay chains available to 241py are:

241 8 241 ] 237
Pu 14y Am 4~———’32y N

P 2.14 x 106y~ » (D)




i a

and

241, B 237 i 237,
Pu 4y u *  Np 514108y

6.75day o (1)

Decay Chain I

Decay chain T gives riga to a gamma spectrum which is ealoulated from tha

(9),

following abundancos ™'

Gamma _Energy (kaV Abundanco (% of igotopo docay
60 36.
101 4 x 1072
208 6 x 1074
335 8 x 1074
370 4x1074
663 5% 1074
772 3 x 1074

The gamma activity may be calculated from the Bateman equation. Where
the decay chain is represented as:

A 5 B 5 C ?

}‘A )\B A .

the activity of 241Am, reprasented by BAB, is obtained as

NprgBhy = Apha  Je ™Mt -ePmt) x Ny,
Ap-Ap




where
Nphp = dis/sec, of daughter nuclide B,
Npp = initial number of atoms A; equal to Avagadros number

(Na) divided by the gm~atomic mass of the parant A, given
as MA

The decay constants AA . J\B corresponding to the parent and daughter

nuclides were calculated as, AA = ,0498 year”1 = 1,567 x 10"95ec'1

N = 001604 yoar™!

f241

The activity o Am is thus obtained as ‘

241
dis = [|am " Pu)x [No | { AAAB | (e~MAt-¢~MBt) » (abundance)
sec-gm PuO2 gm P‘uo2 MA -

Dacay Chain II

Decay chain II yields four photon lines which may be calculated from the

relationship;
photons Aa N M m 241py
=(AMNo e At} [AM___ XUV y (abundance) x(yteld) |
sec~-gm Pqu MA gm I*’uO2 ‘

where the yield is assumed as 2.3 x 10°5

83




The photon energy and abyndances assumed, were (9):

Gamma_ Ener kaV Abundance (% of isotope decay)
v 14. 41,
33.2 16,
60.0 . 36,.
208.0 23.

The expression, e"‘At, gives the decay factor as:

Time 0 1 5 10 18
(years)

Decay 1.0 0.952 0.781 0.610 0.410
Factor

——— it




APPENDIX B

TABULATION OF PROMPT FISSION AND
EQUILIBRIUM FISSION PRODUCT GAMMA PHOTONS

This appendix presents tabulations of prompt fission and equilibrium fission
product gamma photon emission. The tabulations are given in support of

Saction 2 of this report.

S

S
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TABLE B-I

PROMPT FISSION AND EQUILIBRIUM FISSION
PRODUCT GAMMA PHOTONS*

Gamma Ray Energy Prompt Fiasion Equil, Fission Product Total Fission

Interval (MeV) Gamma Spectrum Gamma Spectrum Gamma Spectrum
7.0-6.,0 0.007 0.0 0.007
6.0-5.0. . 0.020 0.0 0.020
5.0-4.0 0.060 0.003 0.063
4,0-3.0 0.179 0.027 0.207
3.0-2.0 0.538 0.267 0.815
2.0-1.8 0.198 0.173 0.371
1.8-1.6 0.247 0.312 0.559
1.6-1.4 0.308 0.267 0.575
1.,4-1.2 0.384 0.117 0.501
1.2-1.0 0.478 0.106 0.584
1.0-0.9 0.302 0.307 0.609
0.9-0.8 0.380 0.888 1.268
0.8-0.7 0.479 0.9910 1.470
0.7-0.6 0.602 1.077 1.679
0.6-0.5 0.758 1.000 1.758
0.5-0.4 0.954 0.905 1.859
0.4-0.3 1.201 0.753 1.954
0.3-0.2 0.0 0.538 0.538
0.2~0.044 0.0 0.323 0.323

0.044-0.001 0.0 0.0 0.0

* Tabulation units are: “Number of photons emitted/fission."
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TABLE B -II
' PROMPT FISSION AND EQUILIBRIUM FISSION
PRODUCT GAMMA PHOTONS
l Total Fission Photons __ {14)
Gamma Ray Energy Gamma Spectrum sec~gm PuOQ
' Interval (MsV) (¥ /fission) keff=0,17% 0.30% 0.,41%
.
', 7.0-6.0 0.007 5,0 10,0 15,1
) 6.0-5.0 0.020 14.0 28.2 43,0
' 5.0-4.0 0.063 45.0 88.8 1,355 x 10°
4.0-3.0 0.207 147.0 291.9 4.451 % 10°
’ 3.0-2.0 0.815 5.787 x 104 11.492 x 10° 1.752 % 10°
2.0-1.8 0.371 2.634 x 102 5.231 x 10> 7.977 x 102
1 1.8-1.6 0.559 3.969 x 10>  7.882 x 10% 1.202 x 10°
1.6-1.4 0.575 4.083 x 104 8.108x 10 1.236 % 10°
l 1.4-1.2 0.501 3.557 x 102 7.064 x 10 1.077 x 10°
| 1.2-1.0 0.584 4.147 x 104 8.234 x 10° 1.256 x 10°
l 1.0-0.9 0.609 4.324 x 102 8.587 x 102 1.309 x 10°
6.9-0.8 1.268 9.003 x 102 17.879 x 10 2.726 x 10°
’l 0.8-0.7 1.470 10.044 x 104 20.727 x 10> 3.161 x 10°
0.7-0.6 1.679  11.921 x 10° 23.674 x 10> 3.610 x 10°
' 0.6-0.5 1.758  12.482 x 10° 24.788 x 10° 3.780 x 10°
| 0.5-0.4 1.859 13,200 x 104 26.212 x 10°  3.997 x 10°
' 0.4-0.3 1.954 13.874 x 102 27.552 x 102 4.202 x 10°
0.3-0.2 0.538 3.820 x 10> 7.586 x 10° 1.157 x 10°
' 0.2-0.044 0.323 2.294 x 10>  4.554 x 10°  .695 x 10°
0.044-0.001 0.0 0.0 0.0 0.0
|
| * The fission rates determined for this study(M) were 710, 1410 and 2150
‘ n/sec-gm Pqu, for the 1575, 3468 and 5679 w(th) sources, respectively,
1




APPENDIX C
236p, GAMMA PHOTON ACTIVITY

The gamma photon activity dus to 236p, contanimation in the PuOg fuel

was based ona 1.2 ppm impurity.

wwes amt @ e .

The activities were calculated as follows:

i

o dmza = 1,97 x 1013 di& . o Aty (abundance),

: sac-gm 236pu sec

! and

i dis - dis e * (gm 236py,) )

! sec-gm PuO2 sec-gm Pu (gm PuOj)

&

g The results of the calculations are tabulated as:

E Gamma Energy(g) Abundance(q) photons photons

I, (keV) (% of isotope decay)  sec-gm “°°Pu sec-gm PuOy

. 48 3.1x 1072 6.107 x 10° 6.46 x 103

g 110 1.2 x 1072 2.364 x 10° 2.50 x 10°
165 6.6 x 104 13.0 x 107 13.75 x 10°
520 1.7 x 1074 3.35 x 107 3.54 x 10}
570 1.0x 1074 1.97 x 107 2.08 x 10!
645 2.4x 1072 4.728 x 10’ 5.00 x 101

i ioct BN

23
)

»




‘ The expression, e-lt, was calculated to obtain the decay factor as:

l Time 0 1 5 10 18
(years)

l Decay 1,0 0.784 0,296 0,087 0.013
Factor

i

' 89




C

Gl Ll g oSy

g
i
'
i
|
i
1

APPENDIX D
236 PAUGHTER NUCLIDE GAMMA PHOTON ACTIVITY

The activity of the 236p,, daughter nuclides was determined from the growth
of “28Th, using the Bateman equation. The decay chain for this family is:

236 & . 232 ¢ 228 a 224 220 216
PusTasy  C Ty Ty R W Eme 0 0iTRs

212 ®(34%)

Pb Toem” B Teom

212 208

T¢

60m |B(66%) 3m B
212 o 208
Po ——-)0’3“5 Pb

The gamma photon activity is controlled by the growth of the 1.91 year

228'1‘11. It may be calculated from the Bateman expression where

236 o 232 « 228 o
Pu 338 TV i B Tam

is represented as:

“he final nuclide activity may be written as

(Mg} cM)  (Aa-AB)(Ac-AB) (Ap-Ac)(Ap-Xc)

x (yield) x (abundance) x (concentration)

- -\ =Xt
A Ng = Ac Npao [lAABeAAt + Madge B, Madgee ]x

90
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where

N = number of atoms of daughter C,
= MA Ng

Npg e ¢
Mp
MA = actual mass of 236py in PuO, ,
MA = gram atomic mass = 236 gm ,
No = 0.6023 x 1024, Avogadro Number ,
)LA = , 24316 year~!, 236py decay constant ,
}‘B = 0.,009365 year‘l, 236U decay constant ,
XC = 0.36474 year-l, 228Th decay constant.
The activity of Zsth as a function time was calculated as:
TIME (years dis/sec-gm 236PB_
1 2.738 x 1010
5 3.2216 x 101}
10 5.6957 x 1011
18 | 7.1566 x 10}
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2zaTh Nuclide Activity/gm-Pqu

236Pu Concentration Years
(Ppm) 1 5
1,2 2.8815 x 104 3.383 x 105
0.8 1,021 % 104 2.256 x 105
0.6 1,441 x 1094 1.692 x 105
0.1 0.240 x 304 2.819 x 104
92

10

5.981 x 105
3.987 x 105
2.990 x 105
4.984 x 104

18

6.891 x 105
4.594 x 105
3.445 x 105
5.742 x 104




APPENDIX E

183(a,n)? Ne GAMMA PHOTON ACTIVITY

The 18C)(tx ,n)21Ne reaction yields gamma photons as well as neutrong. If
the total neutron emiseion rate for #38pu ig assumed as 1,9 x 104 n/sec~gm
238py (14), then 1.24 x 104, 0.26 x 10% and 0.4 x 104 n/sec~gm?*%py are
the emission rate componente for the 18O(m,n)2 1Ne, spontaneous .ission
and (a,n) impurity interactions, res pectively.(37) The photon activity for

185 reactions may be obtained as

4 n
sec~-gm 238py

photons = 1,24 x10

x photons/neutron emitted, ’
sec-gm 238py

and thus

photons = photon x 0.714
sec-gm PuO, sec-gm 238p,

Gamma photon activities were calculated as

Photons emitted/ Photons Photons
neutron emigsion sec-gm 238Pu sec-gm PuQ2

Gamma Photon
Energy (MeV)

0.35 0.45 .558 x 104 .400 x 104
1,38 0.10 .124 x 104 .089 x 10%
1.90 0.02 .025 x 10 .018 x 104
2.40 0.02 .025 x 104 .018 x 104
2.70 0.02 .025 x 104 .018 x 107
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These photon emission rates may be corrected for the decrease in 238py
activity, using the decay factor a~+007734 year~At ypioh yields

TIME

(years) 0 1 8 10 18
Decay

Factor 1.0 0,992 0.962 0.926 0.870




APPENDIX F
EXAMPLE FLUX CALCULATIONS

An example gamma photon flux and an example neutron flux calculation
are presented in this appendix. Both calculations are for a point located
at a radial distance of 100 cm. from a 1575 w(th) capsule, Normal (18
undepleted) oxygen is assumed in each cage.

1. The gamma photon flux for a § year old Puc)2 fuel containing « 236Pu
impurity of 1.6 ppm 18 obtained as follows:

From Table XVIII, the 'Decay of
Isotopes and Daughters'flux

2,000 7/cm2-sec-

From Table XIX the '180(0t,N)21 2

flux = 44 ¥/cm®-gec
,236

From Table XX the Pu and

Daughters' Flux x (1.6/1.2) 5,181 ¥/cm2-gec

Total flux 8,952 '}'/cmz-sec

il

An estimate of the dose cofresponding to this flux may be obtained,
using Table 4-I, as

= 17.54x 0,175+ 17.54 x 0.825 (1.6/1.2)
= 22,4 mrem/hour

The above calculation assumes that only 236Pu change with age is significant.
The oxygen flux yield may be cotrected (x 0.962) using the table given in
Appendix E. This calculation may be corrected for other capsule power

values by interpolation, as in Figure 2-X,
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2.  The neutron flux for Ié’uo2 fuel containing a 100 ppm boron (only)
impurity is obtained as follows:

Prom Table 3-VII the

180(a,n)21Ne + Fission Neutron'
flux

427,7 n/cmz-sec

1

From Table 3=VII the
'Fission Neutron' flux

18 )21

78,5 n/cmz-sec

2
Thus,'” "O(&,n)““Ne* flux =  349,2 n/ocm -sec

Appendix Table K~-ILgives the boron yield (maximum) as 46,9 n/sec-gm
Pu per ppm or 4690 n/sec~-gm Pu per 100 ppm, From Equation (3.5) the

boron impurity flux is determined as

= 349.2 x 4,690/9,R82 n/cm’-sec
= 156.7 n/cmz-sec

The total flux is simply equal to

165.7 + 427 = 593.4 n/cmz-sec
An estimate of the dose rate cotresponding to this flux may be obtained
by scale-factoring the 52,4 mrem/hour dose rate given in the text of
Section 4 as

= 52,4 x (593.4/427,7) = 72.7 mrem/hour.

The-above may be obtained for other power values by repeating the cal-
culations for 3468 and 5679 w(th) and interpolating at the desired power.

e o - ..
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APPENDIX G
THE DYNAMICS OF THE 180(a, n)21Ne REACTION

The (&, n) reaction may be considered as an inelastic collision hbetween two
initial systems and the reaction written as

o+ lsO-;n 21Ne + Q

8 -~ 10

The total kinetic energy of the interacting system corresponds to the kinetic
energy of the alpha particle

where

Q is the energy equivalent of the difference between the masses of the
initial reactants and product involved.

It can be shown that the total kinetic energy before the collision in the cen-
ter of mass coordinate system-is the sum of the kinetic energy of the incident
alpha particle and oxygen target nucleus. The reaction masses and energies

may be defined as follows:

Mg = the rest mass of the alpha particle,

Mg = the rest mass of the oxygen atom,

My = the rest mass of the neutron,

Mpye = the rest mass of the neon atom, }

Eq = the kinetic energy of the alpha particle in the laboratory system, .
97
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Eq' = the kinetic energy of the alpha particle in the center of mass
coordinate system,

Ep = the kinetic energy of the neutron in the laboratory system of
coordinates,

Bn‘ = the kinetic energy of the neutron in the center of mass coordin-
ate system.

The total kinetic energy prior to collision may be written as

M
Ei' = E! ( o
Mo + Mu

the total energy of the incident alpha particle relative to the target nucleus.

The total energy of the incident alpha particle in the center of mass system
is

Ea' = Ea -——IVLO———-—
Mo + Mg

The energy of the emitted neutron in the center of mass coordinate system

is obtained as

B Mg + My My + Myg
which reduces to
—I\-,-I-I-\I-E-——-— Q+M°Ea = —.—I\—/I.&B—_— (Q+E|)
MN + MNB MO + Mg MN + MNB o

98
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The emitted neutron onergy in the laboratory system of coordinates is E

where
My M E My M 2R 2By cos Ocm
- N *Va o+ VN Mo o n
Bn =By ¥ Mo+ Mg)2 (Mg + Mg) \/ /

This expression relates the neutron energy in the laboratory system, Ep,
to the incident alpha particle energy, Ey and the angle of scatter, fcm,

in the center of mass coordinate system.

The kinetic energy of the emitted neutron is determined from the Q value
of the reaction, the incident alpha particle energy, E, and the angle

of scatter in the center of mass coordinate system as

E, = a(By) + b(Eg) cos 8cm

where
a(E.) = MNL Q+ M, Eq +M§__2. Ea
@’ My + Myg M, + Mg (Mo+ Ma)
and

1/2 1/2
My Mg ( 230:) ( 2 {MNL (Q+ My Ea)§)

If the probability of emission into an angle, 6cm, in the center of mass co-
ordinat® system, is isotropic, then p(6cm) (sin 8cm)/2, is the probability

of scatter such that




180° 180° +1 +1

p(Bcm) déem = f ,9};}599_!9, dfcm = I 1/2 d(cos ch)=I 1/2dp=1
0e 0° ~1 -1
; where
di = d(cos 8cm).
Rewritting

sinBem = (1~ cos? 6om)1/2

=i, - a¥\}2 =fo? B 2+ 2B 0 - a2} V2,
b \ b2

4

i -

L

the probability of scatter can be rewritten

a-b

f 1 (bz ~a-E,2+ 28
=Y,
a+b

el

172
) dE, = 1

This equation gives the probability of scatter in the center of mass coordin-
ate system in terms of a(Eg), b(Ey), and E, which are parameters of the
alpha particle and emitted neutron energy in the laboratory system of coordin-

Wl pinig

ates. It integrates to unity for particles scattered over all angles of emission.
The equation expresses a uniform distribution of scattered neutrons in the
laboratory coordinate éystem .
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APPENDIX H
ALPHA PARTICLE ENERGY LOSS PER UNIT PATH LENGTH

Alpha particles are emitted during the decay of 238Pu with an energy of
5.50 MeV. They eventually lose thig energy by collision with the oxygen
and plutonium atoms present in the PuO, fuel. The loss in energy, per
unit of path length traveled by the alpha particle, may be determined from
the expression:

- .
E dEg | _ E 3.8117 x 103 2L Nyin5.4823 x 10% E,
ax | Eg 1

{

where
Ii = the mean excitation energy (52) of the material species, 1.

The mean excitation energy was assumed to be 91eV and 893eV for the

oxygen and plutonium isotopes (36) .

Eq = the energy of the alpha particle (MeV)

N3
e
]

the atomic number of the scattering nucleus i,

the atomic density of the scattering nucleus (atoms/cm3) .

Z
Pte
n

by Fano (36),

A more detailed discussion of this subject is given in the excellent article




APPENDIX I
185, n) ?1Ne NEUTRON YIELD

The 5.5 MeV alpha particles emitted by the radioactive decay of plutonium
238 interact with l8(.') by a inelasti: collision to produce neutrons. The
alpha particle in this (&, n) reaction will have a maximum energy of 5.50
MeV and a possible minimum threshold energy

Eth = ~(1+ mg)Q
My

Q is the energy equivalent of the difference in masses of reactants and

products of the reaction. This term is discussed in more detail in Appendix
G.

The incident alpha particle with energy Eiy € Egp € 5.5 MeV collides with
180 and forms the compound nucleus 22Ne. The 22Ne emits a neutron and
decays to the excited and ground state levels of 21Ne. The vield and Q
values from this reaction were given in Section 3.3 as: 55% to the ground
state (Q = -0,70 MeV}, 35% to the first excited state (Q = -1.05 MeV),
10% to the second excited states (Q = -2.43 MeV), and 1% to the third
excited state (Q = -3.54 MeV).

The number of neutrons produced in each energy group j and the correspond-
ing Q value of the reaction was calculated according to the relationship:
(Ey)
Ny(Q) = O(Eo)Eq 1/2du dE,
Eq K(Ej+ 1)

91 893

3.8117)(].03 16log ".4823){102 Ea (+ 941log 5.4823x 102E
e e o




where

U(Ea) = the cross gection for the formation of the *4Ne (39} ,
Ey = the energy of the alpha particle in MeV.

#(Ejﬂ): H (Ej) are the lower and uppor values of cosfspy from which
the energy group j can be produced.

The number of neutrons produced in each energy group §, by the decay of

the compound nucleus through 22Ne all possible decay cha nnels, was
calculated as

e

H Nj = 0.55 Ny (-0._70) + 0.35 Nj (-1.05) + 0.10 Ny (-2.43) + 0.01 Ny (-3.54)
!__‘) where

'r Ny (-0.70), Ny (-1.09), Ny(-2.43), and Nj(-3.54) are the number of

J?. neutrons produced from the particular Q value reaction.

The sum, ?Nj is determined as the total numbe: of neutrons produced in the
i 185 (a ,n)ZINe reaction. The fraction N j/}TNj as calculated for an arbitrary
10,000 groups j, is plotted in Figure I-I.

The equation relating the neutron energy, E,, the incident alpha particle

energy, Eg in the laboratory system of coordinates, to the angle of scatter,
8cm in the center of mass coordinate system is

E, = a(Eg) + blEy) cos acm '

1C3




This equation has been derived and discussed in Appendix G,

To illustrate the relationship between E,, Eg and 8cm (angle of scatter),
Figure I-II was tabulated for the following conditions;

Q = =-0.70 MeV; the Q value for the inelastic collision which will
yield the ground state of 2lNe,

MNE (mass of %éNe isotope) = 21.00000a.m.u.,
My (mass of incident neutron) = 1.008665 a.m.u.,
Mo (mass of target nucleus 180) = 17.999160 a.m.u.,

Mg (mass of alpha particle) = 4.001506 a.m.u. where a.m.u. is the

standard atomic mass unit.
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APPENDIX ¥

18

INTEGRATION OF Y80 (@, n) **Ne SPECTRAL YLD

3 : S
ZN(Ej) = 1.22x104;“;?§‘f§‘;:%%81)u> N, > 1‘\:j (3.9)
where ngL ij{‘ j i
Nj= 0.5 N,(Q = 20.70 MeV) + 0.35 Ny (Q = -1.05 MeV)
+ 0,10 Ny (Q = =2.43 MeV) + 0.01 Ny (Q = -3.54 MeV) (3.6)
and

Z Nj = the total number of neutrons produced by the 18O(Ot,rx)ZlNe

J reaction.

N(Ej) = the number.of neutrons in the laboratory system, between
Er and EH' the lower and upper energy limit of the interval.

The number of neutrons in each group j, for each Q value, was numerically

integrated according to the relationship:

H(E})
NI(Q) = | olEa) (I/de dEg | (3.7)

dE¢y J
Ea Zi E—; { u(Ej"' 1)

cosine of the scattering angle in the center of mass

S

—

L34
i

coordinate system,




—= N = the number of neutrons in each group j in the laboratory
system of coordinates (§ = 10,000 was used in tha cal-

culations),
180

(39)

! 0(Eg) = the compound (&, n) nuclear cross section for the
f reaction’ " ", corrected to the laboratory system of co~

ordinates,

Eqy = the range of the alpha particle energy apprepriate to group
j and each value of Q.

Since isotropic scattering is assumed in the center of mass coordinate

& system, the integral in equation (3.7)

(Ey) . H(Ej) ¢ (Ey)
1/2d, = 1/2d(cosbgy) = | 1/28infyyd6gp. (3.8)
(Byyy) - BBy )

corresponds to the neutron distribution, in the C. M. coordinate system,
contributing to group j in the laboratory coordinate system.

ﬁithe compound nuclear crogs .sections ¢ (Ep) are plotted as a function of
incident alpha particle energy, Shapiro(sg) suggests that although the dis-
tribution will have the correct shape, the numerical values of the compound

nuclear cross sections may be low. To correct for this fact the fraction

Egy |
3=E{ |




»

was calculated and multiplied by 1.22 x J.O4 neutrons/sec~gm238Pu, the
experimentally measured yield of the 180((! ,n)?‘lNe inelastic neutron re-
action rate in PuO, (the normalizing value of the total yleld from the
180(e,n)%1Ne reaction),

The nuclear cross sections for tha formation of the compeund nucleus % (1)Ne
were determined from the tabulated quantities of Table J-I , with g = 4 and...
Vo/B = 1.0 as given by Shapiro(39) . The cross sections calculated by this
method are normally given in terms of the aloha particle energies in the
center of mass coordinate system. Table J=I . gives the alpha particle
energies, converted 1. the C. M. to the laboratory system and the corres-
ponding calculated nuclear cross sections.

Although the data of Baird and Willard(33) is an excellent source of nuclear

cross sactions for the 18O(Ot ,h) reaction, the lowest alpha particle energy
is 2.25 MeV and thus the data is difficult to interpret for averaged cross.

gections near the resonance peaks; data for alpha particle energies dowh
to at.least 1.0 MeV is desirable...

| FghPRr

If the relationship between neutroh energy.group, j, alpha particle energy, Ey
and the angle of scatter, cos8,, = 4, in Appendix G, is written as

“(Ej) = an + 3 '

then the following combination of integration limits apply for each neutron
energy group j and valv ¢ Q, where, (g = (+1), (-1) and (> - 1 and <+ 1)
are defined as cases A, B and C, respectively:

B(Ey) - B(Ejy)

A-A
A-B = (1-(-1)/2=1; all neutrons are in group }

(1=1)/2; no neutrons in group j

mes W wied e ; ;




A-C
B-A
B~-B
B-C

1
|
|
i

Cc-C

i

n

i

(1-(@E+8) )/2; seme of the neutrons are in group §
cannot occur eince, W(Ej) >/ (Ejq)

(=1=(~1.01))/2; no neutrons in group j

same as B-A

same asg B-A

(¢Ey + B+ 1)/2; some neutrons are in group |

Q(Ej -E,H)/Z; some neutrons ure in group J

110




TABLE J-1

NUCLEAR CROS8 SECTIONS FOR FORMATION
Q
or 180 (@, n) 2!ne compounp NUcLEUS®Y)

Eg (MeV) @(Ey) (10”24 barns)
1.222 2.52 x 1073
f 1.834 10.69 x 1073
’ 2.445 17.32 x 1073
5 3.056 48.36 x 1073
‘ 3.667 23,75 x 1073
!‘ 4.278 166,04 x 10"
: 4.890 189.30 x 103
i 5.501 198.13 x 10™3
i
I
|
i
i
{
' 111
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APPENDIX K
CONTAMINANT LIGHT ELEMENT (&, n) NEUTRON YIELD

Low atomic numboer elements present as contaminants (1), which are .. o e

uniformly mixed with the plutonium isotopes in the commerical PuO,
fuel, produce additonal neutrons by the (&, n) reaction with the impurity

given element(s’ 53, 54’.

The neutron yield Ny, for the X(a, n)Y reaction with the given impurity
element X, whare X is uniformly mixed with the PuOy, may be obtained
as

Ny = KANg, Ty ——SxNx
Y P sPuNpu + S}(NX

whera

the vield is the number of neutrons produced per gm of Pu per million
parts by weight of the contaminant element, X,

K = the 238py fraction of s;lutonium,
A = the 238py disintegration constant,
Ny = the number of atoms of element X,
Npy = t.: number of atoms of the plutonium present,
Ty = the thick target yield for the element X (yield produced by the
alpha particle incident on the thick target composed of the
element X).
8y = the atomic stopping power for the alpha particle incident on
material species, X.

Neutron yields were calculated using the thick target yields and atomic
stopping powers data given in Table K-I.
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The (@,n) neutron yleld Ny was calculated using the approximate rela- —

tionship
Ny = KATy [0 (2% ) = 1.4807 x 108 (2% (2% .
Ax Spu Ax Spu
where

No = 6.024 x 1043, Avogadro number,

Ay = the atomic mass of the element x.

If minimum and maximum values of the ratio of the atomic stopping powers
are multiplied by the minimum and maximum thick target yield, respectively,
Table K-II yields result.

#za
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Y A.
S iy

Powers (Sx/Spu)

TABLE K~I

Element Ratio of Atomic 8topping

114

DATA FOR LIGHT ELEMENT (@ ,n) YIELD

Thick Target Yields (in units
of 106 neutrons/alpha)

Sx/8psP* 8x/8p, 5% T,84)
Lt .1038 .13 2.4
Be .1320 17 72,
B 1579 .20 21.
C .1821 .23 .08
N .2047 - 1 )
o .2260 .29 .061
F .2462 .31 10.4
Na .2837 .34 1.3
Mg .3013 .36 1.2
Al .3180 37 .64
Si .3342 .42 .15
* Sx/spu=( Zy ) / ( Zpy ) ,

** these uncertainties were given as +25%, ~40%.

Tx(S 3)

2,4(28)"

84.4 % 0.9
19.6 # 0.2
0.113 £ .015
.088 % .011
11.6# .2
1.5(28)%*
1.33 + .04
.76 £ .03
.168 * ,020

‘where 2 = atomic number.




Elemmant

TABLE K-~II

LIGHT BLEMENT (&, n) YIELD

(neutrons/seec=gm Pu, per ppm impurity)

Maximum Yieldw

5.8
181.0
46.9
.3

.2
22.7
2.7
2.4
1.3
.3

Minimum Yield*

4.3

126.5

35.1

2

el

15.2

RN P -
1.8

.9

vield (%)

4.6
133,
41,
.2

ol
18.6
2.2
2.1
1.0

The maximum and minimum yiel?- . e not obsetved yields, but calculated
using all possible thick target yields and stopping powers given in the
The values will include uncertainties in the observed thick
target yvields when used by the reader.

literature.

115




~.3

i
i

.

1,

2

3.

4.

5.

6.

8.

9,

10.

11,

12.

REFERENCES

STODDARD, D, H,.and ALBENESIUS, E. L., *Radiation Properties
8py Produced.for Isotopic Power Generators,* DP~794,
Savannah River Lahoratory (1968),

“Plutonium~238 and Plutonium-~210 Data Sheets," MLM~1441,
Mongsanto Research Corporation (November 1967),

MATIACK, G. M, and METZ, C. F., "Radiation Characteristics of
Plutonium~-238," LA-3696, Los Alamos Scientific Laboratory
(1967),

TSENTER, E. M, éKHABAKHPASHBV, A.G. and PIRKIN, J. A., "Gamma
Rays from Po-Ol® Neutron Source," Soviet Physics JETP, 37 (10) No. 4
(1960) 806,

DRUIN, V. A., PERELYGIN, V. P, and KI-ILBBNII(OV G, R.,
"8pontaneous Fission Periods of Np237, Pu238 gnq Py242, s
Soviet Physics JETP, 13, 5 (November 1961) (English Translation)
913.

DUNFORD, C., private communication (January 1970),
ANDERSON, E., private communication (March 1969).

PRINCE, A., "Thermal Neutron Cross Sections and Resonance
Integrals for Transuranium Isotopes," Proceedings of Conference

on Neutron Cross Sections and Technology, NBS Special Publication
299, Vel, II, Washington, D. C. (4-7 March, 1968).

LEDERER, C. M., HOLLANDER, J. M. and PERLMAN, 1., "Table
of Isotopes, " Sixth Edition, John Wiley and Sens, Inc. (1967).

TERRELL, JAMES, "Distribution of Fission Neutron Numbers,"
Physical Review.108, 3, 783~789 (1957).

ASPLUND-NILSSON, I., CONDE, H., and STARFELT, N., "Average
Number of Promopt Neutrons Emitted in the Spontaneous Fission of
U238 and Pu240,* Nuc, Soi. and Eng., 15 (1963) 213.

STEVENS, P. N., "Use of the Discrete Ordinates S Method in

Radiation Shielding Calculations," Nuc, Eng. and Design, 13, 3
(1970) 395,

116




13,

14,

18,

16.

17.

18,

19.

20.

23.

24.

TRUBEY, D. K,, "Kernel Methods for Radiation Shielding," Nuec.
Eng. and Deaign, 13, 3 (1970) 423,

BUBERNACK, J., MATLACK, G. M, ,_METZ, C, F,, "Neutrons and
Gamma.Radiations from Pu-238," Trans. Am, Nuc, Soc,, Vol, II,
No. 2, P. 457 (1968),

____ "Reactor Physics Constants,” ANL~5800, Argonne National
Lahoratory (1958),

SERDYUKQOVA, 1. A., RHABAKHPASHEV, A, G. and ISENTER, E. M.,
"Investigation of the (@, n) Reaction on Oxygen," Isveat Akad
Nauk 888R Ser Fiz, 21 (1957) 1017,

ENGLE, W. W., Jr., "ANISN, A Ono Dimensional Diserete Ordinatos
Transport Code with Anisotropic Scattoering," K-1693 (March 1967);
RSIC/ORNL Code.Package CCC=-82,

MALENFANT, P, E., "QAD, A Series of Point Kernel General Purpose
Shielding Programs," LA-3573, Los Alamos Scientific Laboratory
(April 1987); RSIC/ORNL Code Package CCC-48,

LATHROP, V. D., "GAMLEQ -~ A Fortran Code to Produce Multigroup
Cross Sections for Photon Transport Calculations," LA-3267, Los
Alamos Scientific Laboratory (April 19685),

PRONKO, J. G., OLSEN, W, C., and SAMPLE, J. T., "Levels in
21Ne Using 180 (@, n) 21Ne Reaction, ™ Nuclear Physics, 83 (1966)
321,

PRONKO, J. G., ROLFS, C. and MAIER, H. J., "The 2,791 MeV
and 2.87 MeV States in 21Ne," Nuclear Physics, A94 (1967) 561.

HEROLD, T. R., "NeutronSpectrum of 238Pu0y, DP-MS-67-51,
Savannah River Laboratory, E. I. du Pont de Nemours Co., Aiken,
South Carolina, 29801,

HEROLD, T. R., "Neutron Spectrum of 238Pu0,," Nuc. App. and
Tech, 14 1968),

ANDERSON, M, E, and NEFF, R. A., "Neutron Emission Rates

and Energy Spectra of Two 238py Power Sources," Nue, App. and
Tech., 7 (1969) 62.

117

e g e e

SV, oo




25,

26,

27,

28,

29,

30.

3l.

32.

33.

34.

3s.

L

ARNOLD, E. D,, "IAEA Engineering Compendium on Radiation
Shielding: Chapter 2.1.2, Neutron Sources," Oak Ridge National
Lahoratory.

MEYER, C, T., ANDERSON, H, F., and KAHLE, J., B,, "Calculated
Dose Rates for Plutonium~238 Dioxide," MLM~1460, Monsanto
Reaearch Corp. (1968},

HICKS, D, A., ISE, J., Ir., and PYLE, R. V., "Probabilities of
Prompt Neutron Emiﬂﬂion from Spontaneoun FPission," Phys, Pav,
101, 3 (1956) 1014,

ANDERSON, M, EDWARD, Private Communication (March 1970),

MULLINS, L. J. and LEARY,J. A., "Plutonium~238 for Biomedical
Applications, " Nue. App. and Toch., 6 (1969) 287,

HYDE, E. K., PERLMAN, I, and SEABORG, G. T., "The Nuclear
Properties of Heavy Elements, " Volume II, Prentice-Hall, Inc.
(1964).

LATHROP, K. D., "DTF~IV, A Fortran IV Program for Solving the
Multigroup Transport Equation with Anisotropic Scattering,"
LA-3373, Los Alamos Scientific.Laboratory Report (19685).

SAUTBR & D. and BOWMAN, C. D., "The (@, n) Cross Sections
on 1 0," UCRL-14260, University of California Radiation
Laboratory.

3I§D J. K. and WILLARID H. B., "Level Structure on Nezz and
from the Reaction O'® (,n) Ne2! and Mg26 (&, n) 5129,
Phys Rev., 128, 1 (October 1962) 299,

HESS, W. N.; "Neutrons from (&, n) Sources," UCRL-3839,
University of California, Lawrence Radiation Laboratory (July 1957);
Annals of Physics, 2 (1959) 115,

BONNER, T, W., KRAUS, Jr., A, A., MARION, J. B., and SCHIFFER, M
J. P, 4 "Neutrons and Gamma Rays from the Alpha Particle Bombardment

of Bc®, BlO, Bl1, ¢c13 and 018, Phys, Rev., Ed 102, 5 (June, 1956)

1348, ,

118




36,

37.

38,

39.

40,

41.

42,

43.

44.

45,

46,

47.

48,

FANO U, , "Penetration of Protons, Alpha Particlea, and Mesons,"
Natirnal Academy of Sciences, National Research Council Publication
1133 (1964) (Report No. 39, Nuc, Sci, Series).

ALBENESIUS, E, L., private communication to V., Keshishian
(March, 1969)

BROWN, PAUL E,, private communication to General Electric Company
Missile and Space Division (July 1969),

SHAPIRO, M, M,, "Cross Sections for the Formation of the Compound
Nucleus by Charged Particles," Phys, Rev,, 90, 2 (1953) 171,

MARION, J. B. and FOWLER, J. L., (Editora), "fast Neutrons,"
"Fast Neutron Physies," Vol, 1, Interscience Publishing Co.,
New York (1960).

HOWERTON, R. J., BRAFF, D. L., CAHILL, W. J. and CHAZAN, N.,
"Thresholds for He4 Induced Rezactions," UCRL~14005, University
of California, Lawrence Radiation Laboratory (1964),

“"Evaluated Nuclear Data File," Cross Section Education
Center, Brookhaven National Laboratory, New Yerk.

HOWERTON, R. J., "Evaluated Nuclear Data File," Lawrence
Radiation Laboratory, Livermore, California.

ROCKWELL III, THEODORE, Editor, "Reactor Shielding Design
Manual," D. Van Nositand Company, Inc., New York, (1956).

"Protection Against Neutron Radiation Up to 30 Million Electron
Volts, " National Bureau of Standards Handbook 63 (April 1967).

LOFFREDA, J., "Radiation Fields about a Pu23802 Heat Source,"
IPSO-PIR-3401, General Electric Company Missile and Space
Division, Philadelphia, Pa. (Dec, 1970).

BROWN, P. E., "Radiation from SNAP-27 Sources," IPSO-PIR-2394,
General Electric Company Missile and Space Division, Philadelphia,
Pa. (Dec. 1968).

MUSEN, L. G., and PROSSER, D. L., "Neutron and Gamma Dose

Rates from SNAP-27 Heat Sources No. 2 and 6," Monsanto Reseatch
Corp. Report, Mound Laboratory, Miamisburg, Ohio (March 1970).

119




I 04
ot
.
e o

A 4

MA - B

49'

50,

51,

52.

83.

54.

CHILTON, A. B., "Backscattering for Gamma Rays from a Point
Source Near a Concrete-Plane Surface," University of Illinois,
Engineering Experiment Station, Bulletin 471, Vol. 62, No, 36
(Nov. 1964).

SONG, Y. T., "A Semiempirical Formula for Differential Dose Albedo
for Neutrons on Concrete, " TN-589, U, 8, Naval Civil Engineering
Laboratory, Port Hueneme, California (March 1964),

WELLS, M. B., "Reflection of Thermal Neutrons and Neutron
Capture Gamma.Rays from Concrete," RRA~M44, Radiation Research
Asgsociates, Texas (1964), )

BADER, M., PXLEY, R, E., MOZER,. F. S. and WHALING, W,.,
"Stopping Cross Section of Solids for Protons, 5Q0-600 keV," . ..
Phys. Rev., 103, 1 (1956) 32,

GORSHOV, G. V., ZYABKIN, V. A, and TSVETKOV, O. 8., "Neutron
Yield from the Reaction (&%, n) in Be, B, C, O, F, Mg, Al, 8{,"
Atomnaya Energuja, 13, 1 (July 1962) 65,

ROBERTS, J. H., "Neutron Yields of Several Light Elements. Bom-

barded with Polonium Alpha Particles," United States Atomic Energy
Commission Report MDDC-731 (Jan. 1947).

120




